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FOREWORD 
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Scientific  Officers  for  the  project. 
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microscopy.  Union  Carbide  Corp.  and  EG  &  G  Sealol  contributed  materials  for  use  in  the 
test  program.  Dr.  J.A.  Sue  of  Union  Carbide  Corp.  provided  beneficial  assistance  and 
useful  information  during  the  course  of  the  project.  Nanoindentation  testing  to  determine 
modulus  of  elasticity  and  hardness  of  the  coatings  was  graciously  done  by  J.  R.  Keiser  of 
Oak  Ridge  National  Laboratory. 


ABSTRACT 

The  objectives  of  this  investigation  were  to  better  understand  the  tribological 
behavior  of  ceramic-coated  rings  sliding  against  carbon  graphite  and  the  thermocracking 
that  occurs  with  some  of  the  ceramic  coatings.  Sliding  wear  tests  were  conducted  on 
Inconel  625  substrates  coated  with  four  different  hard  materials:  chromium  oxide, 
chromium  carbide,  titanium  nitride,  and  tungster  carbide.  Tests  were  also  run  to 
determine  the  corrosion  behavior  of  the  ceramic-r  vited  rings  in  seawater.  Surface 
profilometry,  mass  loss  measurements,  and  microscopy  were  used  to  characterize  wear, 
cracking  and  corrosion  phenomena.  Residual  stresses  and  preferred  orientations  of  one 
of  the  coatings  (TiN)  were  determined  by  X-ray  diffractometry  methods  and  hardness  and 
modulus  of  elasticity  of  the  TiN  coatings  were  measured  by  nanoindentation  hardness 
testing.  Coupled  with  the  experimental  work  was  a  theoretical  analysis  of  temperatures 
and  stresses  in  the  contact  region  of  the  ceramic  coating  during  sliding.  The  influence  of 
various  material  and  geometric  parameters  on  coating  cracking  or  spalling  was  studied  in 
the  analytical  work. 
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Whenever  flat,  conforming  rings  are  placed  together  and  sliding  commences,  there 
is  solid-solid  contact  between  the  rings  in  small,  discrete  spots  which  constitute  the  real 
area  of  contact.  This  solid-solid  contact  occurs  whether  the  contacting  rings  are  dry,  as 
in  annular  disk  brakes,  or  "lubricated",  as  in  mechanical  face  seals.  The  thin  layer  of 
sealed  fluid  which  is  assumed  to  be  present  between  the  seal  faces  in  the  latter 
application  does  not  prevent  contact  between  the  flat  seal  rings.  The  solid-solid  contact 
is  responsible  for  most  of  the  friction  which  occurs  between  the  sliding  rings  and  is  also 
the  origin  of  the  mechanical  consequences  of  friction,  i.e.,  frictional  heating,  near¬ 
surface  plastic  deformation,  and  wear  of  the  contacting  ring  surfaces.  The  resulting 
wear  can  be  the  cause  of  early  failure  of  the  sliding  components. 

In  order  to  limit  wear  in  face  seals,  at  least  one  of  the  sealing  faces  is  usually  made 
of  a  hard,  wear-resistant  material.  In  recent  years  there  has  been  much  interest  in 
wear- resistant  ceramics  for  hard  seal  face  applications.  Frequently  they  would  be  used 
in  contact  with  a  sea'  face  made  from  carbon  graphite.  Several  problems  exist  with 
ceramic  seal  rings,  however.  They  are  difficult  to  form  in  the  configurations  usually  used 
in  face  seals  and  they  are  so  brittle  that  they  require  special  care  in  handling.  An 
alternative  to  ceramic  seal  rings  has  been  proposed  -  ceramic  or  cermet  coatings  on 
metallic  ring  substrates. 

The  objectives  of  this  investigation  were  to  better  understand  the  tribological 
behavior  of  ceramic-  or  cermet-coated  mechanical  face  seal  rings  during  sliding  contact. 
Of  particular  interest  were  the  tribological  performance  of  the  coatings  in  sliding  contact 
against  carbon  graphite  seal  rings,  the  failure  mechanisms  that  could  limit  the 
usefulness  of  the  coatings,  and  the  corrosion  resistance  of  the  coating/substrate  system. 

This  research  program  was  a  follow-up  to  an  earlier  project,  ONR  contract 
N0001 4-81  -K-0090.  Test  techniques  and  analytical  methods  had  been  developed  in 
that  earlier  work  for  studying  the  tribological  behavior  of  sliding  conformal  contacts,  such 
as  the  seal  rings  of  mechanical  face  seals.  Many  of  those  methods  were  used  in  this 
study. 


2.  METHODS 


Sliding  wear  tests  were  conducted  on  Inconel  625  seal  rings  coated  with  four 
different  hard  materials:  chromium  oxide,  chromium  carbide,  titanium  nitride,  and 
tungsten  carbide.  In  all  tribotests,  the  coated  rings  were  slid  against  a  commercial  seal 
ring  made  from  a  resin-impregnated  grade  of  carbon  graphite  for  sliding  distances 
ranging  from  100  to  500  km.  The  sliding  speed  was  generally  4.7  m/s  and  normal  loads 
of  50  N  and  1 00  N  were  applied  to  the  rings.  The  flat  ring-shaped  contact  area  had  a 
mean  diameter  of  5  cm  and  a  radial  width  of  about  2.5  mm.  This  gave  a  nominal  contact 
area  of  4  cm2  and  nominal  contact  pressures  ranging  from  1 25  to  250  kPa.  Multiple 
wear  tests  were  run  for  each  material. 

Tests  were  also  conducted  to  determine  the  corrosion  behavior  of  the  ceramic- 
coated  rings  in  seawater.  For  the  corrosion  tests,  sections  of  the  coated  rings  were 
placed  in  an  agitated  salt  water  solution  and  were  left  at  room  temperature  for  30  and 
60  day  periods. 

Surface  profilometry,  mass  loss  measurements,  and  optical  and  scanning  electron 
microscopy  were  used  to  characterize  wear,  cracking  and  corrosion  phenomena. 

Residual  stresses  and  preferred  orientations  of  one  of  the  coatings  (TiN)  were 
determined  by  X-ray  diffractometry  methods.  The  residual  stress  measurement  used  the 
sin2*?  technique.  Hardness  and  modulus  of  elasticity  of  the  TiN  coatings  were 
measured  by  nanoindentation  hardness  testing. 

Coupled  with  the  experimentation  was  a  theoretical  analysis  of  temperatures  and 
stresses  in  the  contact  region  of  the  ceramic  coating  during  sliding.  The  analysis  was 
done  using  finite  element  methods.  The  Thermap  finite  element  code  was  used  for 
surface  temperature  prediction  and  the  Adina  stress  and  deformation  analysis  code  was 
used  for  thermoelastic  and  thermo-elasto-plastic  analysis  of  the  contact  region.  The 
influence  of  various  material  and  geometric  parameters  on  coating  cracking  and 
spalling  was  studied  in  the  analytical  work. 
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3.  SIGNIFICANT  RESULTS 


The  results  of  this  research  are  contained  in  four  theses  and  four  technical  papers 
that  were  completed  during  or  just  after  the  project  period.  The  list  of  theses  and 
technical  papers  is  included  in  Section  4  of  this  report.  Abstracts  of  the  four  theses  are 
included  in  Section  5  and  copies  of  the  papers  are  included  in  Section  6.  The  major 
results  will  be  summarized  here.  Reference  will  be  made  to  the  relevant  thesis  or  paper, 
and  those  publications  may  be  consulted  for  more  details. 

Each  of  the  coatings  tested  in  this  program,  tungsten  carbide,  chromium  carbide, 
titanium  nitride  and  chromium  oxide,  all  on  Inconel  625  substrates,  had  low  wear  rates 
and  low  friction  during  sliding  against  carbon  graphite  seal  rings.  The  wear  rates  were 
lower  than  for  metallic  seal  face  materials  and  nearly  as  low  as  had  been  determined 
earlier  for  monolithic  silicon  carbide  [2,5].  Friction  coefficients  were  low  (approximately 
0.10)  for  all  coatings.  On  regular  occasions,  though,  the  friction  increased  for  a  short 
time  to  a  value  approaching  0.3,  and  that  rise  was  attributed  to  the  presence  of  carbon 
graphite  wear  debris  at  the  contact  interface  [6]. 

Despite  the  good  friction  and  wear  results,  most  of  the  coatings  displayed  a 
deficiency  which  could  limit  their  durability  in  salt  water  sealing  applications. 

Three  different  tungsten  carbide  coatings  were  tested,  two  of  which  had  been 
applied  by  the  detonation  gun  process  and  one  by  plasma  spraying  [3].  Each  of  the  WC 
coatings  had  a  different  metallic  binder.  The  plasma  sprayed  had  also  been  heat 
treated  after  spraying  in  order  to  improve  the  bond  between  coating  and  substrate. 

All  tungsten  carbide  coatings  show  evidence  of  some  surface  pitting  resulting  from 
both  initial  porosity  and  the  occasional  spalling  of  a  carbide  particle  from  the  surface 
[1 ,3].  The  amount  of  pitting  can  be  reduced  and  the  bond  strength  of  the  coating/ 
substrate  interface  can  be  increased  by  heat  treating  the  coated  rings  [3].  Diffusion 
processes  during  the  heat  treatment  can  reduce  the  resistance  of  the  Inconel  625 
substrate  to  corrosion  in  salt  water  by  sensitizing  the  material  at  the  grain  boundaries  in 
the  region  adjacent  to  the  coating  [3,7]. 

The  wear  process  for  the  tungsten  carbide  coatings  was  one  of  wear  of  the  metallic 
binder,  causing  the  carbide  particles  to  protrude  slightly  from  the  surface.  The  carbide 
particles  then  wore  slowly  by  a  polishing  process,  resulting  in  flat  carbides  [7].  There 
was  no  influence  of  coating  thickness  on  either  friction  or  wear  of  the  tungsten  carbide 
coatings  [3]. 

The  chromium  carbide  coatings  displayed  the  lowest  wear  rates  (mass  loss  per  unit 
time)  of  all  the  coatings  tested  [7],  When  measured  on  a  volumetric  basis,  the  wear  rate 
of  the  tungsten  carbide  coatings  was  about  as  low  as  that  of  chromium  carbide.  Wear  of 
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the  carbon  graphite  in  contact  with  the  chromium  carbide  rings  was  also  less  than  or 
equal  to  that  measured  with  the  other  coatings.  Two  slightly  different  chromium  carbide 
coatings  were  tested  [3].  The  chromium  carbide  coating  with  the  smaller  nickel 
chromium  particle  size  (coating  H)  showed  even  better  wear  resistance  than  did  the 
other  chromium  carbide  coating  tested  [7].  Neither  of  the  chromium  carbide  coatings 
showed  any  evidence  of  thermocracking  in  the  tribotests,  but  they  showed  very  slight 
mass  losses  in  the  corrosion  tests  [3,7]. 

The  plasma  sprayed  chromium  oxide  coatings  had  lower  mass  wear  rates  than 
tungsten  carbide,  but  higher  volumetric  wear  [1 ,7].  Although  they  have  good  wear 
resistance,  the  chrome  oxide  coatings  showed  a  tendency  to  thermocrack  [1].  The 
cracks  originate  on  the  sliding  surface  and  are  oriented  perpendicular  to  the  sliding 
direction  [1 ,7].  The  severity  of  thermocracks  increased  with  increases  in  normal  load  [1], 

Owing  to  the  slow  nature  of  the  PVD  coating  process,  titanium  nitride  coatings  have 
a  limited  thickness.  Although  they  have  low  wear  rates  when  the  coating  is  act,  the 
wear  is  finite  and  eventually  the  coatings  get  quite  thin.  When  this  happens  there  is  a 
tendency  for  the  coatings  to  spall  and  this  results  in  a  very  significant  increase  in  wear 
rate,  owing  to  the  presence  of  hard,  abrasive  third  bodies  between  the  seal  faces  [1]. 

An  in-depth  study  of  the  tribological  behavior  of  titanium  nitride  coatings  showed 
that  the  wear  rate  of  Inconel  625  without  TiN  coating  was  at  least  seven  times  higher 
than  that  with  coating  and  the  friction  coefficient  was  also  higher  [4].  The  friction 
coefficient  of  TiN-coated  Inconel  625  was  about  0.1  whereas  the  uncoated  Inconel  625 
had  a  friction  coefficient  of  0.18.  Polishing  and  abrasion  processes  were  the  major  wear 
mechanisms  of  TiN  coating  [4,8]. 

Coating  thickness  is  an  important  factor  affecting  the  durability  of  the  TiN  coatings 
[4,8].  The  tendency  of  spalling  and  delamination  of  the  coatings  increased  with 
increases  in  the  coating  thickness.  Unlike  thicker  coatings,  the  failure  mode  of  the  4.6 
pm  thick  TiN  coating  was  a  gradual  wear  process,  even  though  the  wear  rate  was  a  little 
bit  higher  than  for  the  12  pm  and  28  pm  thick  coatings  [4]. 

The  modulus  of  elasticity  of  the  4.6  pm  thick  TiN  coating  was  higher  than  those  ot 
the  12  pm  and  28  pm  thick  coatings  [4,8].  The  wear  rate  decreased  as  the  coating 
modulus  decreased,  but  the  tendency  for  spalling  and  delamination  of  the  coatings 
increased. 

The  residual  stresses  in  the  PVD  arc  evaporated  TiN  coatings  were  compressive 
and  a  relatively  higher  compressive  residual  stress  occurred  in  the  thinner  coating  [4,8]. 
The  residual  stresses  were  beneficial  to  the  stability  of  coatings  because  the  tensile 
stresses  that  occur  in  the  coatings  during  sliding  were  reduced.  This  effect  was  more 
obvious  in  the  thinner  coating  [4], 


All  PVD  arc  evaporated  TiN  coatings  had  very  high  {111}  preferred  orientations  [4]. 
The  1 2  pm  coating  had  a  higher  degree  of  {1 1 1}  preferred  orientation  and  also  had  the 
lowest  hardness.  The  preferred  orientations  have  an  influence  on  the  sliding  behavior  of 
TiN  coatings  because  they  change  the  surface  conditions  of  the  coatings,  such  as 
hardness  and  densification  [4,8]. 

In  an  attempt  to  understand  the  reasons  for  the  coating  vailures  noted  in  some 
tests,  an  analytical  study  of  thermal  and  thermomechanical  phenomena  near  the  sliding 
contacts  was  carried  out.  Finite  element  techniques  were  used  in  the  analysis.  The 
temperature  distribution  in  the  sliding  contact  region  was  determined  using  our 
specially-  developed  Thermap  thermal  analysis  program,  and  the  temperature 
distribution  was  used,  along  with  mechanical  normal  and  tangential  tractions  in  the 
contact  region,  as  input  to  an  Adina-based  thermoelastic  or  thermo-elasto-plastic 
analysis  of  stresses  and  deformation  [2,5).  A  suite  of  interconnected  programs  was 
created  to  enable  the  analysis  to  proceed  automatically  once  the  problem  geometry 
(including  coating  thickness)  and  boundary  conditions  were  specified  [2]. 

It  was  found  using  the  finite  element  packages  that  the  stress  field  around  a  sliding 
contact  is  dominated  by  the  thermal  contribution  resulting  from  frictional  heating  [5]. 

That  contribution  tends  to  cause  tensile  stresses  in  the  coating,  acting  in  the  sliding 
direction.  The  magnitude  of  the  tensile  stresses  is  dependent  primarily  on  the  difference 
in  thermal  expansion  coefficient  between  coating  and  substrate,  as  well  as  the  thermal 
properties  of  the  coating  [5],  The  surface  temperatures  and  resulting  tensile  thermal 
stress  are  higher  if  the  coating  has  a  low  thermal  conductivity  and  a  large  difference 
between  coefficient  of  thermal  expansion  of  coating  and  substrate,  as  is  the  case  with 
chrome  oxide  [1].  The  highest  tensile  stress  acts  in  the  sliding  direction  and  occurs  at 
the  sliding  surface.  Thus,  that  stress  is  probably  responsible  for  the  thermocracking 
observed  with  chrome  oxide  coatings  in  this  test  program  [1 ,7], 
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ABSTRACT 

Ceramic  coatings  have  seen  increasing  use  mainly  because  of  their  high  resistance  to 
wear.  These  coatings  have  been  used  successfully  in  reducing  the  wear  of  machine  tools, 
aircraft  and  automobile  engine  parts,  etc.  It  is  only  recently  that  research  into  the  application 
of  ceramic  coatings  on  mechanical  face  seals  started.  The  performance  of  ceramic  coatings 
for  improved  wear  performance  was  promising,  but  together  with  this  bright  prospect,  there 
have  been  problems.  One  major  problem  that  arose  was  thermocracking  of  some  ceramic 
coatings. 


The  objectives  of  this  investigation  were  to  determine  the  causes  behind  the 
thermocracking  of  di-chromium  tri-oxide  and  other  ceramic  coatings  and  the  wear 
phenomena  that  occurs  when  ceramic  coated  mechanical  face  seals  slide  against  carbon 
graphite.  Sliding  wear  tests  were  conducted  on  Inconel  625  face  seals  coated  with  five 
different  ceramics:  di-chromium  tri-oxide,  molybdenum  boride,  titanium  nitride,  tungsten 
boride,  and  tungsten  carbide.  Surface  profilometry,  weight  measurements,  and  microscopy 
were  the  methods  used  to  characterize  the  wear  and  failure  phenomena.  Coupled  with 
experimentation  was  a  theoretical  analysis  of  temperatures  and  stresses  that  occured  in  the 
ceramic  coating.  Temperatures  and  stresses  were  calculated  by  using  the  THERMAP  and 
AD  IN  A  packages,  respectively. 

The  results  indicated  that  thermocracking  was  caused  by  the  mismatch  in  mechanical 
and  thermal  properties  between  the  di-chromium  tri-oxide  coating  and  the  Inconel  625 
substrate.  Though  the  wear  rate  was  lowest  for  di-chromium  tri-oxide,  thermocracking 
could  lead  to  more  severe  wea-  and  to  early  seal  failure.  The  wear  of  titanium  nitride 
coatings  was  through  a  burnishing  type  of  adhesive  wear,  but  current  deposition  methods 
could  not  produce  thicker  coatings,  placing  titanium  nitride  coatings  at  a  disadvantage  for 
.ong  term  use.  Tungsten  carbide  coating  wear  was  comparable  to  the  wear  of  previously 
mentioned  ceramics  which  was  the  result  of  the  wear  of  the  softer  binder  matrix  and  pitting 
due  to  surface  fatigue.  Molybdenum  boride  and  tungsten  bonde  coaung  wear  was  very  high 
and  their  use  as  coatings  for  mechanical  face  seals  is  not  recommended. 


Analytical  and  Experimental  Studies 
on  Hard  Face-Seal  Coatings 
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ABSTRACT 

When  two  solid  bodies  are  placed  in  contact  the  real  area  of  contact  is  much  smaller  than  the 
nominal  or  apparent  area  of  contact  It  is  within  this  real  area  of  contact  that  the  thermal  and  mechanical 
consequences  of  friction,  i.e.  wear,  frictional  heating,  and  deformation  of  contacting  bodies  occur  and  lead 
to  theimoelastic  instabilities  in  seal  face  materials.  The  primary  objective  of  this  work  has  been  to  gain 
better  understanding  of  contact  conditions  at  the  interface  between  seal  rings  of  mechanical  face  seals. 

Experiments  were  conducted  with  wear  resistant  materials  such  as  SiC,  WC,  and  TiN  rubbing 
against  carbon  graphite  in  a  ring-on-ring  configuration.  An  entirely  redesigned  experimental  setup  was 
employed  for  this  purpose.  It  was  found  that  contact  conditions  at  the  sealing  interface  varied  widely 
between  the  materials  used.  Contact  patch  sue  and  friction  were  also  found  to  change  periodically  with 
time,  more  frequently  for  SiC  rings  than  for  WC  rings.  It  was  also  found  that  friction  increased 
substantially  when  contact  was  large.  It  was  determined  that  during  the  period  of  high  contact  there  was 
substantial  carbon  wear  which  got  deposited  on  the  hard  ring  resulting  in  increased  tendency  toward 
adhesive  wear. 

In  an  attempt  to  understand  the  reasons  for  the  coating  failures,  an  analyucal  study  of  thermal 
and  thermomechanical  phenomena  was  earned  out.  The  temperature  disubuuon  near  the  contact  region 
was  determined  using  THERMAP  and  it  was  used,  along  with  normal  and  tangenual  tracuons.  as  input 
to  an  AD  IN  A  based  thermo-elasio-plasoc  analysis  of  stresses  and  deformations. 
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An  Investigation  Into  the  Wear  of  Ceramic  Coated  Mechanical  Face  Seals 

Susanne  M  Pepper 
Master  of  Engineering 
JANUARY  1989 
ABSTRACT 

Mechanical  face  seals  are  used  where  fluid  leakage  past  a  rotating  shaft  is 
possible  but  must  be  prevented.  Some  applications  include  product  pumps,  sea  water 
pumps,  and  propeller  shafts.  This  study  focused  on  the  naval  propeller  shaft 
application  of  face  seals.  The  two  aspects  of  performance  of  primary  concern  are  life 
and  leakage.  Since  seal  design  has  successfully  overcome  the  problem  of  excessive 
leakage,  the  principal  failure  mode  is  wear.  For  this  reason,  ceramics  and  cermet 
coatings  have  been  applied  to  mechanical  face  seals,  effectively  lowering  wear  rates 
and  friction  coefficients.  Recent  studies  at  Thayer  School  have  evidenced  their 
potential  success.  In  this  study  two  cermet  coatings,  chromium  carbide  and  tungsten 
carbide  were  tested  for  their  wear  behavior.  Two  different  versions  of  chromium 
carbide  (differing  only  in  their  nickel  chromium  particle  size)  and  three  different  types 
of  tungsten  carbide  were  examined,  as  well  as  various  thicknesses  of  tungsten 
carbide. 

Sliding  wear  tests  were  conducted  of  the  various  coatings  on  Inconel  625,  mated 
with  a  carbon  graphite  counterface.  Surface  profilometry,  weight  measurements, 
optical  and  scanning  electron  microscopy  were  tools  employed  to  determine  the  wear 
behavior  and  wear  mechanism  associated  with  the  various  chromium  carbide  and 
tungsten  carbide  coatings.  All  coatings  exhibited  low  wear  rates  and  friction 
coefficients,  comparable  if  not  better  than  those  ceramic  coatings  previously  studied. 
Both  chromium  carbides  and  tungsten  carbides  appeared  to  wear  by  a  polishing 
mechanism.  Tungsten  carbide  coatings  were  susceptible  to  pitting  due  to  surface 
fatigue.  In  addition,  the  heat  treatment  process  of  these  coatings  seemed  to  have 
sensitized  the  material  at  the  grain  boundaries  of  the  inconel  substrate,  reducing  its 
corrosion  resistance.  Also,  the  tungsten  carbide  coating  thickness  was  determined  to 
have  little  if  no  effect  on  its  wear  rate.  The  chromium  carbide  coatings  experienced 
lower  wear  rates  than  any  of  those  studied  previously.  Specifically,  the  chromium 
carbide  coating  with  the  smaller  nickel  chromium  particle  size  displayed  the  lowest 
wear.  The  chromium  carbide  softer  binder  matrix  appeared  to  wear  first.  Wear  of  its 
mating  carbon  graphite  ring  was  also  less  than  observed  with  other  coatings.  No 
evidence  of  thermocracking  was  found,  even  after  a  high  load  test,  and  no  evidence  of 
corrosion  could  be  seen  either  with  the  optical  or  scanning  electron  microscope. 
Therefore  chromium  carbide  coatings  seem  to  be  likely  candidates  for  naval  face  seal 
aPPlications,  and  further  study  of  these  in  an  actual  face  seal  configuration  is 

recommended. 
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"Factors  Affecting  Durability  of  Titanium  Nitride  Coatings" 

Lin  Tang 
Master  of  Science 
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Abstract 

Many  kinds  of  ceramic  coatings  have  been  developed  and  used 
on  metallic  substrates  to  improve  the  wear  resistance  of  sliding 
components.  Wear  is  not  the  only  way  ceramic-coated  components  can 
fail.  Other  failure  modes  can  also  be  caused  by  thermal  and 
mechanical  sliding  phenomena. 

The  objective  of  this  ONR-sponsored  research  work  is  to  gain  a 
better  understanding  of  the  wear  and  thermocracking  of  TiN-coated 
Inconel  625  rings  in  dry  sliding  contact.  One  of  the  potential 
applications  of  the  TiN-coated  rings  is  face  seal  components  used  in 
submarines,  where  they  would  be  in  contact  with  carbon  graphite 
rings.  Tribological  behavior  of  the  TiN-coated  Inconel  625  rings  has 
been  investigated  with  the  aid  of  a  computer-assisted  profilometry 
system,  optical  microscopy,  scanning  electron  microscopy  and  finite 
element  thermal  and  thermomechanical  analysis.  Residual  stresses 
and  preferred  orientations  in  TiN  coatings  were  determined  by  X-ray 
diffractometry  methods.  Both  hardness  and  Young's  modulus  of  TiN 
coatings  were  measured  by  nanoindentation  hardness  testing. 

The  results  showed  that  both  the  wear  and  the  friction 
coefficient  of  Inconel  625  were  significantly  reduced  by  TiN  thin  hard 
coating.  The  tendency  of  spalling  and  delamination  of  TiN  coating 
increased  with  increasing  the  coating  thickness,  but  wear  was  greatest 
for  the  thinnest  coating.  TiN  coating  with  higher  substrate  hardness 
had  better  wear  resistance.  The  compressive  residual  stress  was 
beneficial  to  the  durability  of  TiN  coating.  Higher  hardness  of  TiN 
coating  lowered  the  wear  rate  while  increasing  the  possibility  of 
brittle  fracture.  {111}  preferred  orientations  were  observed  in  all  PVD 
arc  evaporated  TiN  coatings. 
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THERMO-MECHANICAL  ANALYSIS  OF 
DRY  SLIDING  SYSTEMS 

F  E.  Kennedy  and  S.  Z.  Hlssaini 

Thayer  School  of  Engineering,  Dartmouth  College.  Hanover.  NH  03“?55.  L‘.S  A 

Abstract— This  paper  discusses  the  numerical  analysis  of  temperatures  and  stresses  near  v.c  regions  of 
contact  netween  flat  sliding  rings,  such  as  the  seal  rings  of  mechanical  face  seals  Of  particular  interest 
were  rings  having  a  hard,  wear-resistant  coating  on  a  ductile  metallic  substrate.  The  temperature  distribu¬ 
tion  in  the  sliding  contact  region  was  determined  using  a  specially-developed  finite  element  program,  and 
that  temperature  distribution  was  used,  along  with  mechanical  normal  and  tangential  contact  tractions, 
as  input  to  an  ADINA-based  thermo-elasto-plastic  analysis  of  stresses  and  deformations  It  was  shown 
that  frictional  heating  is  the  dominant  contributor  to  high  localized  temperatures  and  stresses  around  the 
contact  region,  that  plastic  deformation  can  occur  in  the  region,  and  that  thermally-induced  deformations 
and  stresses  can  be  a  major  reason  for  coaling  failure.  The  influence  of  coating  and  substrate  properties, 
as  well  as  coating  thickness,  on  the  results  and  on  potential  failure  mechanisms  was  studied 


INTRODUCTION 

When  two  flat  solids  are  placed  in  contact,  the  real 
area  of  contact  is  much  smaller  than  the  nominal  or 
apparent  contact  area.  It  is  within  the  real  area  of 
contact  that  the  thermal  and  mechanical  conse¬ 
quences  of  sliding  friction  occur,  i.e.  frictional 
heating,  near-surface  plastic  deformation  and  wear  of 
the  contacting  bodies.  These  thermal  and  thermo¬ 
mechanical  contact  phenomena  can  be  responsible 
for  failure  of  sliding  mechanical  components  such  as 
brakes,  face  seals  and  sleeve  bearings  through  such 
mechanisms  as  thermocracking  lor  heat  checking) 
and  excessive  wear  [I],  In  order  to  understand  these 
failures  it  is  necessary  to  study  the  temperatures, 
stresses  and  deformations  that  arise  on  and  near  the 
contacting  surfaces  as  a  result  of  friction. 

Contact  spots  are  subjected  to  two  types  of  load¬ 
ings:  mechanical  loads  consisting  of  shear  and 
normal  tractions  at  the  contact  interface,  and 
thermal  loading  resulting  from  temperature  gra¬ 
dients  due  to  frictional  heating  It  is  generally  agreed 
that  the  interaction  velocities  during  sliding  are  low 
enough  to  permit  the  use  of  uncoupled  thermal  stress 
theory  in  analyzing  the  phenomena  [2]  Thus,  two 
solutions  are  required  the  temperature  distribution 
around  a  frictionally -heated  contact  spot  and  the 
-tress  distribution  due  to  the  combination  of  surface 
tractions  and  temperature  gradients  The  problems 
have  been  treated  previously  using  integral  trans- 
'ortn  techniques  for  both  two-  and  three-dimensional 
o'ntacts  on  the  surface  of  an  elastic  half-space  [3.4]. 
Those  techniques  have  recently  been  extended  to  the 
-use  of  a  layered  elastic  medium  subjected  to  a 
moving  contact  [']  Although  those  studies  have 
-I'-er.  much  insight  into  conditions  around  sliding 
-  ■’'acts,  they  required  several  assumptions  which 
rest  their  applicability  for  real  sliding  components: 
1  ’ingie  large  body  ihalf-spacel  was  analyzed,  all  fric- 
'  nal  heat  was  assumed  to  enter  that  bodv.  and  the 


body  was  elastic.  The  finite  element  method  need  not 
be  subjected  to  those  restrictions  and  that  method 
has  been  used  in  the  work  reported  here.  Techniques 
have  been  developed  for  analyzing  temperatures  and 
stresses  in  two  contacting  solids  in  relative  motion 
and  they  were  used  successfully  in  an  earlier  finite 
element  thermal  and  thermoelastic  analysis  of  sliding 
rings  [6],  The  methods  enable  both  contacting 
bodies  to  be  studied  simultaneously,  thus  eliminating 
the  need  for  assumptions  about  partitioning  of  fric¬ 
tional  heat  or  distribution  of  surface  tractions.  The 
earlier  study  [6]  gave  considerable  insight  into  the 
reasons  for  thermocracking  of  sliding  metallic  ring 
surfaces.  Based  on  that  elastic  analysis  it  was 
hypothesized,  but  not  proven,  that  residual  plastic 
strains  could  be  responsible  for  propagation  of 
thermally-induced  cracks.  Finite  element  methods 
can  be  easily  used  to  predict  residual  stresses,  as  was 
shown  in  a  recent  elasto-plastic  analysis  of  j  body 
beneath  a  moving  heat  source  ["] 

The  particular  case  chosen  for  study  here  is  dry 
sliding  contact  between  two  flat  rings  similar  to 
those  found  in  mechanical  face  seals  Although  the 
conforming  rings  are  nominally  in  contact  over  their 
entire  circumference,  tests  have  shown  that  they  are 
in  actual  solid  solid  contact  only  in  patches  which 
cover  a  small  portion  of  the  nominal  contact  surface 
[S],  Surface  temperatures  and  wear  within  those 
contact  patches  can  become  significant  It  is  impor¬ 
tant  to  limit  wear  of  seals  and  other  sliding  com¬ 
ponents.  so  seal  rings  are  now  made  of 
wear-resistant  materials  whenever  possible  In  order 
to  obtain  wear  resistance  under  conditions  of  high 
contact  temperature,  rings  with  a  ceramic  contact 
surface  are  being  developed.  Such  rings  would  likely 
be  used  in  contact  with  rings  made  from  carbon 
graphite,  a  proven  seal  ring  material  Although  tests 
have  shown  that  ceramic-coated  rings  are  very  wear 
resistant  when  sliding  against  carbon  graphite,  they 
can  suffer  from  thermocracking  or  spalling  of  the 
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surface  coatings  [9.  In]  Thi>  work  set  out  to  deter¬ 
mine  if  thermal  stresses  resulting  from  frictional 
heating  are  responsible  for  thermocracking  of 
ceramic-coated  rings,  as  was  earlier  shown  to  be  the 
case  with  metallic  rings  [b] 
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t  .  ■>ttui  l  mi  ‘tic: 

Experiments  have  shown  that  contact  between 
two  flat  conforming  rings  is  concentrated  in  several 
1 1  5 1  patches,  with  a  few  small  solid  solid  contact 
spo's  occurring  within  each  patch  [8],  A  contact 
probe  was  developed  to  study  the  size  and  motion  of 
the  contacts  [k]  For  the  case  of  a  carbon  graphite 
ring  sliding  against  a  metallic  ring,  the  patches  were 
found  to  remain  approximately  stationary  with 
respect  to  the  metallic  ring  surface,  and  similar 
results  have  recently  been  found  for  carbon  graphite 
rings  sliding  against  ceramic  or  ceramic-coated  rings 
[9]  The  contact  spot  sizes  and  locations  determined 
in  that  recent  experimental  study  were  used  here  in 
setting  the  geometry  of  the  contact  model 

Based  on  the  experimental  evidence,  it  was 
assumed  that  each  contact  spot  was  identical  and 
that  the  contacts  were  equally  spaced  around  the 
ring  circumference.  A  ring  could  therefore  be  divided 
into  as  many  sections  as  the  number  of  contact  spots 
and  only  one  such  section  would  have  to  be 
analyzed.  If.  for  example,  there  were  three  contact 
spots  located  at  120  intervals,  the  section  to  be 
studied  would  include  one-third  of  each  ring  and 
would  have  a  small  region  of  solid-solid  contact 
between  the  two  rings  in  the  center  of  the  section. 


Experimental  work  had  shown  that  the  contact 
spots  were  approximately  rectangular  in  shape  [>>], 
extending  further  in  the  circumferential  direction 
than  radially  All  tractions  at  the  contact  interface 
act  in  either  circumferential  Pb  or  axial  tc)  directions, 
and  in  earlier  analy  tical  modelling  f4.  it  was 
found  that  the  most  important  temperature  varia¬ 
tions  were  those  occurring  in  the  0-z  plane  For  this 
reason  it  was  decided  to  analyze  the  problem  only  in 
the  0-z  plane  and  to  do  a  two-dimensional  analysis 
A  typical  two-dimensional  ring  section  is  shown  in 
Fig.  1  and  a  finite  element  mesh  for  the  central 
section  of  the  ring  section  is  shown  in  Fig  2  It  can 
be  noted  that  a  very  fine  grid  is  used  in  the  contact 
region  in  the  center  of  the  mesh  owing  to  the  large 
temperature  gradients  there  No  contact  between  top 
and  bottom  rings  was  allowed  except  within  the 
central  contact  region. 

Because  contact  did  not  occur  over  the  entire 
radial  thickness  of  the  ring  interface,  some  of  the  fric¬ 
tional  heat  generated  in  the  contact  zone  was  con¬ 
ducted  in  the  radial  direction  into  the  contacting 
rings.  Thus  the  thermal  problem  is  not  truly  a  two- 
dimensional  one.  To  account  for  this  out-of-plane 
conduction  a  pseudo-three-dimensional  thermal 
analysis  was  done  by  varying  the  thickness  of  two- 
dimensional  finite  elements.  The  flow  of  frictional 
heat  from  the  contact  zone  produces  streamlines  that 
emanate  from  the  contact.  It  was  assumed  that  an 
arc  normal  to  the  streamlines  in  the  r-z  plane  at  a 
given  (small)  distance  from  the  contact  zone  was  an 
isotherm.  The  length  of  that  arc  could  be  considered 
to  be  the  effective  thickness  of  an  element  in  the  9-z 
plane,  an  element  with  no  temperature  change  in  the 
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Fig.  2.  Central  section  of  mesh  generated  by  AL'TOMESH 
for  1.0  mm  long  contact  patch. 

radial  direction.  As  heat  flowed  away  from  the 
contact  the  streamlines  would  spread,  resulting  in 
greater  arc  lengths  and  greater  effective  element 
thicknesses  (and  volumesl.  Thus,  elements  adjacent 
to  the  contact  zone  would  have  an  elTective  thickness 
approximately  equal  to  the  radial  extent  of  the 
contact,  while  elements  further  away  would  be  pro¬ 
gressively  thicker,  with  the  maximum  thickness  being 
the  ring  thickness.  This  idea  is  demonstrated  in 
Fig.  3.  which  shows  the  lower  half  of  the  model  of 
Fig.  1.  A  similar  thickness  distribution  was  used  for 


the  top  half  of  the  model.  Following  this  idea,  the 
thickness  of  each  element  in  the  mesh  of  Fig.  2  was 
calculated  and  used  in  the  thermal  analysis. 

Since  each  of  the  ring  sections  analyzed  in  this 
work  was  similar  in  shape  to  that  shown  in  Fig.  1. 
an  automatic  mesh  generation  routine 
(AL'TOMESH)  could  be  employed  to  create  a  mesh 
for  any  given  section.  In  general  the  automatic  mesh 
generation  consisted  of  shrinking  or  stretching  a 
veil-proven  prototype  mesh  such  as  that  in  Fig  2. 
subject  to  some  constraints  on  element  aspect  ratio 
The  only  input  variables  required  by  the  mesh  gener¬ 
ation  program  were  the  section  length,  ring  heights, 
ring  thicknesses  i radial I.  contact  dimensions  (radial 
and  circumferentiali  and  coating  thickness. 

Thermal  analysis 

The  thermal  analysis  used  a  finite  element 
program  (THERMAP)  developed  specifically  for 
studying  the  temperature  distribution  around  sliding 
contacts  [11.  12],  The  program  differs  from  typical 
heat  conduction  codes  in  that  it  solves  Fourier’s  Law 
for  heat  conduction  in  a  solid  moving  relative  to  a 
coordinate  system  fixed  in  the  contact  zone,  where 
frictional  heat  is  being  generated.  That  equation  may 
be  written: 

V  KVT  +  Q  -  pC(cT  rtl  —  V  VT  =  0.  (1) 

where  K.  p  and  C  are  the  conductivity,  density  and 
specific  heat  of  the  body.  Q  is  the  volumetric  heat 
generation.  T  is  temperature,  r  is  time  and  V  is  the 
sliding  velocity.  It  has  been  shown  that  the  tem- 
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perature  distribution  around  a  sliding  contact 
reaches  a  quasi-steady  state,  relame  to  the  coordi¬ 
nate  system  fixed  in  the  contact,  very  quickly, 
perhaps  after  hiding  a  distance  equal  to  twice  the 
contact  length  [2.  12].  so  «~T  t'l  can  be  set  equal  to 
zero  in  most  cases  and  a  quasi-steady  analysis  can  be 
done  The  last  term  in  eqn  ill.  however,  is  present 
whenever  one  hod>  is  moving  relative  to  the  other 
and  that  convecmc  diffusion  term  has  been  found  to 
cause  numerical  oscillations  at  high  sltding  velocities 
lor  high  Peelet  numbersi  [12].  After  investigating  a 
number  of  ways  to  avoid  the  difficult}.,  the  stream¬ 
line  upwind  technique  [12]  was  implemented 
because  it  was  found  to  pri'duce  a  substantial 
improvement  in  solution  at  high  Peelet  numbers 
without  excessive  computing  effort  [12] 

The  boundary  conditions  for  the  thermal  solution 
included  prescribed  temperatures  on  the  top  and 
bottom  surfaces  of  the  model  in  Fig.  1  Those  tem¬ 
peratures  were  set  equal  to  temperatures  measured 
at  those  locations  in  the  experimental  program.  Con¬ 
vection  to  ambient  air  was  assumed  at  the  free 
surface  of  the  rotating  ring  and  reasonable  convec¬ 
tion  coefficients  were  chosen  from  the  heat  transfer 
literature.  A  heat  flux  equal  to  the  product  of  contact 
pressure  times  friction  coefficient  times  velocity  was 
input  to  the  interface  between  the  two  rings  within 
the  contact  zone  It  was  earlier  found  that  the  form 
of  the  contact  pressure  distribution  had  little  effect 
on  the  temperature  distribution  [8].  so  a  uniform 
heat  flux  distribution  was  assumed.  The  ring  section 
being  analyzed  was  assumed  to  be  identical  to  the 
ones  on  either  side  of  it.  and  in  order  to  insure  this 
the  nodal  temperatures  on  the  right  hand  edge  of  the 
model  in  Fig.  1  were  set  equal  to  those  on  the  left 
hand  edge. 

Stress  analysis 

Analysis  of  the  stresses  and  deformations  around 
the  sliding  contact  was  done  using  the  ADINA  finite 
element  program.  The  boundary  conditions  for  the 
analysis  are  shown  in  Fig.  1.  The  friction  and  normal 
forces  were  those  measured  or  applied  in  the  experi¬ 
mental  phase  of  the  work  [9],  Since  only  one  section 
of  the  ring  was  analyzed  and  it  was  assumed  that  the 
ring  was  composed  of  n  identical  sections,  the  fric¬ 
tion  and  normal  forces  applied  to  the  model  were  1  n 
times  the  measured  force  values  The  two  contacting 
rings  were  analyzed  together  and  no  attempt  was 
made  to  insure  a  uniform  distribution  of  contact 
pressure  or  shear  traction  within  the  predetermined 
contact  zone  Techniques  were  developed  earlier  for 
determining  the  contact  pressure  distribution  after  a 
thermomechanical  analysis  of  a  sliding  contact  [8]. 
Those  techniques  were  used  here  to  determine  the 
contact  pressure  distribution  and  to  insure  that  com¬ 
pressive  normal  tractions  actually  existed  everywhere 
within  the  assumed  contact  zone  Methods  are  also 
available  for  insuring  that  the  friction  traction  is 
every whee  equal  to  the  normal  pressure  times  the 


friction  coefficient  [14]  Those  techniques  were  not 
used  here  because  it  was  believed,  based  on  earlier 
analyses  [6.  X],  that  the  stress  held  ear  a  sliding 
contact  is  dominated  by  the  thermal  contribution, 
which  is  not  significantly  affected  by  distribution  of 
surface  tractions.  Instead  a  tangential  force  equal  t, 
the  measured  value  was  applied  as  shown  in  Fig  | 

In  order  to  determine  the  relative  contributions  of 
the  mechanical  and  thermal  loads,  the  loads  were 
applied  in  separate  increments.  In  the  first  increment 
the  mechanical  loads  were  applied  with  the  body  at 
uniform  temperature  The  temperatures  were  then 
added  as  ramp  functions  over  the  next  increment 
During  the  fourth  increment  the  temperatures  were 
returned  to  their  uniform  value,  while  the  mechani¬ 
cal  loads  were  removed  in  the  fifth  increment 

Analysis  procedure 

A  suite  of  interconnected  programs  was  created  to 
enable  the  analysis  to  proceed  automatically  once 
the  problem  geometry  and  boundary  conditions 
were  defined.  Those  data  could  be  input  either  to  a 
data  file,  for  batch  mode  operation,  or  interactively 
The  flow,  chart  shown  in  Fig.  4  shows  the  various 
programs  called  automatically  during  the  analysis, 
which  was  carried  out  on  a  Vax  1 1-785.  In  addition 
to  the  automatic  mesh  generation  program.  AUTO¬ 
MESH.  the  thermal  analysis  program.  THERM AP. 
and  the  stress  analysis  program.  ADINA.  there  were 
several  other  programs  interlaced  in  the  analysis  for 
pre-  or  post-processing  of  data.  The  output  was  pri¬ 
marily  in  the  form  of  plots  of  calculated  temperate 
and  stress  distributions,  along  with  printed  informa¬ 
tion  about  the  maximum  stress  and  temperature 
values  within  each  of  the  materials:  moving  ring,  sta¬ 
tionary  ring  substrate,  and  ceramic  coating  on  sta¬ 
tionary  ring. 

RESULTS  AND  DISCISSION 

Thermoelasuc  analysis  at  baseline  system 

The  system  chosen  to  serve  as  the  baseline  modei 
for  this  analysis  was  composed  of  a  mild  steel  ring 
with  a  tungsten  carbide  coating  in  sliding  comae; 
with  a  ring  made  of  carbon  graphite  This  system  ha- 
been  the  focus  of  a  recent  experimental  study  [°\ 
and  the  conditions  studied  here  were  based  on  mea¬ 
surements  made  in  that  test  program  The  ax.. 2 
thickness  of  the  coated  steel  ring  was  b4_-  mm.  while 
that  of  the  carbon  graphite  ring  was  10  mm  The 
plasma-sprayed  tungsten  carbide  coating  on  the  con¬ 
tacting  surface  of  the  steel  disk  was  approximately 
0.2  mm  thick  The  50  mm  diameter  rings  were  : 
solid-solid  contact  at  two  identical  contact  patches 
located  180  from  one  another  Thus  a  single  ring 
section  of  circumferential  length  "9  mm  could  be 
analyzed  A  typical  contact  patch  was  assumed  to  be 
1  mm  wide  in  the  circumferential  direction  and 
1  mm  deep  in  the  radial  direction.  The  normal  force 
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log  -1  Him  chart  lor  automated  analysis 


on  a  contact  was  assumed  to  be  100  .V  with  a  coeffi¬ 
cient  of  friction  of  0.1.  Steady-state  temperatures  of 
the  top  l non-contacting)  face  of  the  metallic  ring  and 
the  bottom  face  of  the  carbon  graphite  ring  were 
both  assumed  to  be  150  C  The  metallic  ring  was 
rotating  at  1800  rpm  relame  to  the  stationary 
carbon  ring,  but  the  contact  patch  was  stationary 
with  respect  to  the  metallic  ring  [9]  Thus,  the 
carbon  ring  was  assumed  to  be  moving  at  a  velocitv 
of  4TI  m  sec  in  the  positive  r  direction  relative  to 
the  contact,  while  the  metallic  ring  had  zero  velocity 
relative  to  the  contact  region. 

A  quasi-steady  state  thermal  analysis  of  the  base¬ 
line  system  produced  the  temperature  distribution 
shown  in  Fig.  5a.  It  can  be  seen  that  the  highest  tem¬ 
perature  occurred  on  the  contact  interface.  The 
maximum  temperature  was  285  C  in  this  case,  giving 
a  temperature  rise  of  135  C  above  the  back  face  tem¬ 
peratures  The  temperature  distribution  in  the  metal¬ 
lic  ring  was  relatively  symmetrical  about  the  contact 
center,  while  that  in  the  carbon  ring  was  skewed 
toward  the  direction  of  motion.  This  is  a  typical 
form  of  temperature  distribution  around  a  sliding 
contact  [11].  A  close-up  of  the  temperature  iso¬ 
therms  in  the  contact  region  is  shown  in  Fig  5b  The 
contact  extended  from  —0.5  to  -0.5  mm.  and  the 
peak  temperature  occurred  a  bit  to  the  right  of  the 
center  of  contact.  Only  a  slight  distortion  of  the  iso¬ 
therms  can  be  noted  as  they  pass  from  the  tungsten 
carbide  coating  into  the  mild  steel  substrate  The 
thermal  conductivity  of  the  tungsten  carbide 
material  is  1()0  W  mK.  approximately  twice  that  of 
mild  steel  (51.9  W  mK). 

The  stress  analysis  was  carried  out  incrementally, 
with  the  mechanical  tractions  first  being  applied  and 
then  the  temperatures  being  added  This  allowed  a 
study  of  the  relative  contributions  of  mechanical  and 
thermal  loadings.  Results  are  shown  in  Table  1  for 
nine  points  in  the  contact  region,  three  each  in 
coating,  sun-irate  and  carhon  The  location  of  the 
nine  points  is  shown  m  Fig  I  A  plane  strain  -:’u- 
ation  was  assumed  in  this  case,  a'  in  all  other  cases 

It  can  be  seen  in  Table  1  that  the  mechanical 
loading  produced  a  stress  state  that  was  predomi¬ 
nantly  compressive  The  normal  contact  pressure 
(rr.j  was  non-uniform,  ranging  from  nearly  zero  at 
the  right  edge  of  the  contact  to  between  !"0  and 
200  MPa  at  the  left  edge  This  is  due  to  the  etfecme 
moment  exerted  about  the  center  of  contact  by  the 
applied  friction  force  if-ig  !>  The  circumferential  ii- 

directioni  'tress  was  compressive  except  for  .t  small 
tensile  stress  m  the  coating  at  the  -tght-hand  edge  of 
the  contact  That  tensiie  -tress  would  'e  too  small  to 
cause  coating  fracture  This  is  m  agreement  with  a 
recent  analysis  of  a  layered  sliding  contact  hv  Ju  |  '] 

The  addition  of  temperature  gradient  •  to  the 
mechanical  loads  caused  very  iit’ie  change  .n  the  dis¬ 
tribution  of  axial  stress  -.  or  'hear  >'•>  -  but 
resulted  in  substantial  changes  m  sit-'M-p,a:te 
normal  stress  <r  ,  and  n  ’he  circumferential  -tress 
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Table  ;  Contribution  of  mechanical  and  thermal  loadings  to  stress  at  various  points  in  tungsten 
carbide  coating,  mild  steel  substrate  and  carbon  graphite  mating  ring— thermoelastu:  analysis 

Stress  iSfPal 

Mechanical  loads  only  Mechanical  loads  -  temperatures 
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Note  The  following  parameters  were  used  in  the  analysis,  coating  thickness  =  o  2  mm.  contact 
length  -  I  i)  mm.  normal  load  =  1 00  V.  friction  coetTictem  =01.  sliding  velocity  =  4  "1  m  sec 
The  point  locations  are  shown  in  Fig  I 


ff,r.  The  radial  stress  rr<t  is  caused  by  the  plane 
strain  nature  of  the  localized  thermal  deformation, 
and  its  relatively  large  magnitude  could  contribute 
to  plastic  deformation  in  coating  or  substrate  The 
most  significant  result  of  the  stress  analysis,  however, 
is  the  very  substantial  tensile  stress  rrlt  which 
occurred  in  the  coating,  especially  near  the  right- 
hand  edge  of  the  contact  i  Point  Cl.  The  temperature 
gradients  near  the  contact  produced  a  change  in 
that  was  tensile  in  the  coating  and  compressive  in 
the  much  thicker  substrate  The  tensile  thermal  con¬ 
tribution  to  the  circumferential  stress  in  the  coating 
was  large  enough  to  outweigh  the  predominantly 
compressive  contribution  from  the  mechanical  loads, 
especially  near  the  trailing  edge  of  the  contact.  The 
resulting  tensile  stress  could  be  responsible  for  the 
radial  cracks,  called  thermocracks,  noted  in  some 
ceramic  coatings  on  seal  ring  surfaces  [10]  The 
tensile  stresses  calculated  here  are  less  than  the 
tensile  strength  of  tung'ten  carbide,  and  that  may  be 
a  reason  whv  no  cr.uk'  were  noted  in  tests  of  VVC- 
. '\ited  "ings  conducted  recently  [9]  As  is  shown 
helow.  however  v.th  ,'ther  coated  systems  the  cir¬ 
cumferential  ten-.le  stresses  could  exceed  the  tensile 
strength  of  the  coating.  resulting  in  surface- 
originated  radial  cMcks 

The  results  shown  m  Table  I  assumed  purely 
elastic  deformation  The  effective  non  Misesi  stress 
determined  in  that  analysis  was  rather  large  in  both 
coating  and  substrate,  however,  so  some  plastic 
deformation  could  be  anticipated  Figure  b  shows 
the  isobars  dines  of  constant  effective  stressi  for  the 
r>j>eline  thermoelastic  case  It  can  be  seen  that  much 
of  the  coating  in  the  contact  zone  had  a  high  ell'ec- 
"i v e  stress,  with  the  peak  effective  stress  in  both 
seating  and  substrate  occurring  near  (he  point  of 
maximum  contact  temperature  Thermal  effects  were 
'  and  to  he  the  mai.T  contributor  to  those  high 
effective  stresses  and  therefore  would  be  the  domin¬ 


ant  factor  leading  to  yielding  in  either  coating  or 
substrate. 

Thermoplastic  analysis  of  hasehne  system 

In  order  to  study  the  effects  of  plastic  deformation 
on  the  stress  state  around  the  contact,  several 
thermoplastic  analyses  of  the  baseline  system  were 
done  using  the  same  suite  of  programs  described 
above  The  materials  were  assumed  to  have  a 
temperature-dependent  yield  strength  and  isotropic 
hardening  post-yield  behavior  In  one  case  the  sub¬ 
strate  material  was  assumed  to  have  a  room  tem¬ 
perature  yield  strength  of  345  MPa.  about  20  less 
than  the  maximum  effective  stress  calculated  in  the 
thermoelastic  case,  while  the  yield  strength  of  the 
coating  material  was  kept  at  1300  MPa.  high  enough 
to  keep  that  material  within  the  elastic  range  In 
another  case  the  coating  material  was  assumed  to 
have  a  yield  strength  of  400  MPa.  soft  enough  tor 
yielding  to  occur,  while  the  substrate  -v.is  assumed  • 
have  a  500  MPa  yield  strength,  m.  Keeping  it 
elastic  Results  of  those  studies  .me  presented  :n 
Table  2  It  can  be  seen  that  yielding  of  either  sub¬ 
strate  or  coating  resulted  ;r  i  ,>>wer  eile^v.e  n 

both  materials  and  a  lower  Tu\!tr.„."n  tensile 
in  the  coating.  Thus,  either  a  sotter  coutmc  t  ,i 
softer  substrate  would  lessen  the  chances  .>t  siting 
fracture  during  a  'ingle  contact  encounter  Vter  the 
contact  spot  moved  elsewhere,  however,  there  would 
be  residual  stress  at  the  contact  location  As  car  be 
seen  in  Table  2.  the  residual  'tress  :n  >he  c  uting 
would  be  tensile,  but  it  would  not  be  large  enough  to 
cause  coaling  failure  by  itself  li  n.rther  contact 
occurred  at  the  same  location,  though,  the  -e'tdual 
tensile  stress  would  augment  the  ’er.'ile  sire"  f-om 
thermal  and  mechanical  loading.  :::o:.i-;ng  ’he  l.ke- 
•ihood  of  coating  fracture  ::i  subsccaen!  -  ottact 
occurrences  Thus,  in  addition  to  the  therm. oei.t'ttc 
tensile  stresses  discussed  anove.  iow-cv  Je  'atigue 
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could  contribute  to  thermocracking  of  coated 
systems  A  related  low-cycle  fatigue  mechanism  was 
proposed  by  Fee  and  Sehitoglu  [15]  to  account  for 
thermocracking  of  railroad  w  heels 

Effect  of  material,  tieometric  and  operatinu  parameters 
on  stress  distribution 

An  extensive  series  of  analyses  was  carried  out  to 
study  the  influence  of  material  properties,  coating 
and  contact  dimensions,  normal  and  friction  forces, 
and  velocity  on  the  stresses  that  could  lead  to 
coating  failure  Since  the  baseline  analysis  showed 
that  the  stress  in  coating  and  substrate  were  greatest 
for  the  thermoelastic  case,  and  since  harder  materials 
seem  to  be  the  most  likely  candidates  for  future 
contact  applications,  elastic  behavior  was  assumed 
for  most  of  the  analyses  Results  are  presented  in 
Tables  3-6. 


In  each  of  the  cases  in  Table  3  a  single  material 
parameter  was  changed  from  its  baseline  value  The 
properties  of  most  interest  were  the  modulus  of  elas¬ 
ticity  £.  coefficient  of  thermal  expansion  x.  and 
thermal  conductivity  K  of  the  substrate  and  coating 
materials.  Since  thermal  conductivities  of  each 
material  affect  the  temperatures  that  are  the  driving 
force  responsible  for  the  high  stresses,  it  is  not  sur¬ 
prising  that  an  increase  in  thermal  conductivity  of 
either  coating  or  substrate  led  to  lower  stresses  in 
each  of  the  components.  The  conductivity  of  the 
coating  was  found  to  have  much  less  effect  on  stress 
than  that  of  the  substrate,  presumably  because  the 
high  temperature  in  the  more  massive  substrate  and 
the  resulting  thermal  expansion  were  responsible  for 
the  tensile  stress  within  the  thin  coating  A  substan¬ 
tial  decrease  in  coating  stress  could  be  brought 
about  by  choosing  a  more  conductive  substrate 


Table  2  Influence  of  plastic  deformation  on  maximum  tensile  stress  in  coaling  and 
maximum  effective  stresses  in  coaling  and  substrate 


Maximum  tensile 
stresN  in  coating 

Maximum  effeci 
Coating 

live  stress 

Substrate 

Thermoelasiu  analxsts 

luU 

45" 

Thermoplastic  anahsis 

~  1 4 

dtK) 

425 

welding  onl>  in  coating 

Topical  residual  stress 

ID 

lot) 

Id 

Thermoplastic  analysis 

"M 

1022 

Ub 

welding  onl\  in  substrate 

T>pica)  residual  stress 

:o 

2o 

inn 

Note  The  yield  strengths  ol  coating  anu  sunsirjte  .sere  set  ai  JtX'  and  345  MPa 
respectively  All  stresses  are  in  units  of  MPa 
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Table  5  Effect  of  material  properties  on  maximum  temperatures  and  stresses- 
thermoelastic  analysis 


i'r.perty  changed  Change  in  calculated  yjlues  ifrom  basehnei 


from  baseline 
value 

Maximum 

lemperature 

Max 

Carbon 

effective  ■ 
Substrate 

•tress 

Coating 

f.  up  by  100" , 

-XI".. 

-ny 

—  "’ft  5 

h  down  by  50" 

-’O'  . 

-o : 

44  4 

up  by  100  . 

-X  1 

-i)  2 

-35s 

x  ,  down  by  50  .. 

-4.1 

—  UN 

-4  2 

K  „  ,t  up  by  100".. 

-33. 7 

-  3  5  . 

—  X  > 

-40 

K  down  by  50“  , 

-  34.8"  , 

*  3  5 

-  l.S 

-4U 

£..s.„4,c  uP  hy  100  , 

X  ’ 

-  ’20 

-  2  1 

down  by  50 

-  II  6 

-  55  x 

! ' 

up  by  100 

-54  ’ 

-  ml  3 

-  'u  5 

i. down  by  50"  . 

-30.3 

-  55  ^ 

-  2 

. .  up  by  i00  ‘  . 

-39  6".. 

-  140 

-  r  o 

-  r  2 

down  by  50' 

-45.9 

-34  4 

-  >  ■ 

*  o 

Note  Baseline  system  had  the  following  properties  at  room  temperature 
=  614  GPa.  a..T...t  =  4  E-6  C:  K..,...,  =  100  W  tnK.  rj!t  =  143  GPa. 
=  10  5  E-6  C.  A-.uo,,,,,,  =  51  4  W  mK.  All  systems  had  the  same  geometric 
configuration,  loads  and  velocity 


which  could  transfer  more  of  the  frictional  heat  away 
from  the  contact  region. 

The  effects  of  modulus  of  elasticity  and  coefficient 
of  thermal  expansion  were  quite  large  and  can  be 
explained  by  thermal  deformation  considerations. 
An  increase  in  the  elastic  modulus  of  one  of  the  two 
materials  ra’sed  the  stress  in  that  material  but  had  a 
much  smaller  influence  on  stress  within  the  other 
material  This  was  to  be  expected  for  a  laminated 
composite  material  subjected  to  thermal  deforma¬ 
tion  In  the  baseline  analysts  it  was  learned  that  the 
difference  in  thermal  expansion  between  substrate 
and  coating  was  primarily  responsible  for  tensile 
stress  within  the  coating  land  compressive  stress  in 
the  substratei.  Thus,  it  is  not  surprising  that  an 
increase  in  the  substrate  material's  thermal  expan¬ 
sion  coefficient  caused  a  large  increase  in  stress  in 
both  materials  The  fact  that  an  increase  in  the 
coating  material's  expansion  coefficient  also  caused 
an  increase  in  coating  stress  appears  perplexing,  until 
one  realizes  that  thermal  expansion  of  the  coating 
caused  an  increa»e  :n  the  out-of-plane  compressive 
'tress  t  . , .  and  this  led  to  an  increase  in  the  effective 


lor  von  Vlises)  stress.  In  fact,  the  potentially  damag¬ 
ing  tensile  stress  it.,  in  the  coating  was  reduced  by 
an  increase  in  thermal  expansion  of  the  coating,  as 
can  be  seen  in  Table  6 

The  effects  of  normal  and  friction  forces  and  veloc¬ 
ity  on  stresses  and  temperatures  around  the  contact 
are  given  in  Table  4  It  can  be  seen  that  an  increase 
in  either  normal  force  or  friction  coefficient  led  to 
substantial  increases  in  stress  in  all  three  materials 
This  is  due  not  to  the  increased  stress  one  normally 
associates  with  higher  loads,  but  to  increases  in  tem¬ 
perature  and  the  corresponding  thermal  deforma- 
on.  A  doubling  of  either  normal  force  or  friction 
coefficient  resulted  in  a  doubling  of  the  temperature 
increase  due  to  frictional  heating,  and  that  in  turn 
led  to  substantially  increased  thermal  stress  Not 
only  was  the  effective  'tress  increased,  but  the  tensile 
stress  in  the  coating  was  drastically  affected  bv  the 
increased  frictional  heating,  as  can  bc  -eer.  Tom  the 
friction  results  in  Table  6  This  mav  account  lor  the 
fact  that  cracking  of  coated  rings  was  observed  "w 
Tribe  [ID]  in  tests  it  verv  high  r.  -rinai  load,  mit  not 
in  our  recent  tests  ,.t  ...  'ower  .oad  ' '  The 


’  4  l  Tec!  Ol  loads  and  velocity  on  maximum  temperatures  .:  a  -■•C"C' 

thermoelastic  anaivsis 


\ 

””.t,  i 

oad 
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•ret 

:*on  ci 
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V-.x 
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rise 

C  •  rfton  S. 

uMr,i;e  C 
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2"0  C 

1^5 
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2  m  >ec 
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2  ' 
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Table  5  Effect  of  contact  geometry  and  coating  thickness  on  maximum  surface  temperature 
and  effective  stresses — thermoelastic  analysis 


Coating 

thickness 

•  mmi 

Contact 

length 

immi 

Contact 

depth 

immi 

Maximum 

temperature 

nse 

Max 

Carbon 

effective  stress  iMPai 
Substrate  Coating 

•t  i 

1  t) 

1  0 

140  C 

136 

461 

1188 

5 »  ' 

1  0 

1  0 

135  C 

130 

433 

1034 

•  U 

i  0 

■  10 

126  C 

112 

409 

840 

1  D 

io 

to 

125  C 

106 

365 

654 

o.2 

0  5 

1.0 

16-  C 

209 

133 

900 

o  2 

2.0 

1  0 

106  C 

108 

424 

0.2 

1.0 

0.5 

154  C 

130 

439 

1042 

0  2 

1 1) 

2.0 

120  C 

128 

432 

1022 

Note.  Ml  systems  had  the  same  material  properties  and  the  same  assumed  normal  load, 
friction  coefficient  and  velocity  i the  baseline  values  in  Tables  3  and  4). 


effect  of  velocity  is  similar  to  that  of  friction,  and 
results  from  higher  surface  temperatures  owing  to 
greater  frictional  heating.  Although  the  heat  gener¬ 
ation  rate  is  the  same  if  either  friction  or  velocity  ts 
doubled,  the  surface  temperatures  and  corresponding 
thermal  stresses  are  a  bit  lower  for  the  increased 
velocity  case  because  of  the  effective  cooling  by  the 
convective-diffusion  term  in  eqn  ill.  The  normal 
force  has  less  of  an  effect  on  the  maximum  coating 
stresses  than  the  friction  or  velocity  because  the 
mechanical  stresses  caused  by  the  larger  normal 
force  tend  to  be  opposite  in  sign  to  the  thermal 
stresses,  as  was  seen  in  Table  1 
The  influence  of  coating  thickness  and  contact 
patch  size  is  presented  in  Table  5.  An  increase  in  the 
thickness  of  the  hard  coating  resulted  in  a  slightly 
higher  contact  temperature  and  a  larger  increase  in 
the  stress  of  each  material  As  the  coating  became 
thinner,  more  of  the  substrate  was  exposed  to  higher 
temperature,  resulting  in  more  thermal  deformation 
and  greater  coating  stress.  Along  with  the  increase  in 
the  effective  stress  of  the  coating  there  was  a  corre¬ 
sponding  increase  in  the  tensile  stress,  as  can  be  seen 
in  Table  b.  Changes  in  the  size  of  the  contact  patch 
also  had  a  very  significant  effect  on  contact  tem¬ 
perature  and  thermal  deformation.  A  larger  contact 
had  a  lower  frictional  heat  flux,  resulting  in  lower 


surface  temperatures.  As  expected,  this  led  to  lower 
stresses,  whether  the  larger  contact  was  brought 
about  by  an  increase  in  circumferential  contact 
length  or  radial  contact  depth.  It  is  somewhat  sur¬ 
prising  to  note,  however,  that  a  smaller  contact 
length  brought  about  a  smaller  effective  stress  The 
reason  was  similar  to  the  one  discussed  above  for  the 
case  of  increased  coating  thermal  expansion.  The 
shorter  contact  had  higher  temperatures,  but  the 
higher  temperatures  were  confined  to  a  smaller 
region.  Thus,  the  coating  material  was  subjected  to 
more  thermal  expansion  near  the  center  of  ihe 
contact,  and  the  substrate  to  less,  resulting  in  lower 
effective  stresses.  There  was  still  a  very  substantial 
tensile  stress  at  the  trailing  edge  of  the  shorter 
contact  tpoint  C  in  Fig.  II.  however,  as  can  be  seen 
in  Table  6. 

SI  MM  ARY  OF  CONCLLSIONS 

The  finite  element  package  used  here  to  study  tem¬ 
peratures  a  stresses  around  a  sliding  conforming 
contact  gav.  much  Rht  into  the  mechanisms  of 
thermocracking  ceramic  coatings  and  the 

factors  that  affect  it.  it  was  found  that  the  stress  held 
around  a  sliding  contact  is  dom:~  ited  by  the 
thermal  contribution  resulting  I.  .1  frictional 


Table  6  Effect  of  various  parameters  on  maximum  tensile  stress  tn 
coating  -  thermoeldstic  analysts 


Variable  .handed  from  baseline  value 

Largest  tensile  principal 
stress  in  coaling  i  N1  Pat 

Baseline 

C.'itinii  thickness  reduced  b\  50 

Ux  2 

Contact  length  decreased  bv  50 

im 

Friction  coefficient  increased  hv  100 

1  346 

Friction  coefficient  decreased  bv  5o 

i  .,  decreased  hv  50 

u 

increased  bv  ion 

Ml 

Note  t  nless  otherwise  noied.  the  load  friction,  and  -aiding  ••ehv- 
;v  were  those  ol  the  baseline  svsiem  narm.il  load  =  It*1  X  trwi.- 
-•efficient  -  t>  i  velovttv  4  *1  m  -ec  The  baseline  coating  tmek- 
i'.C".  ’he  contact  .ength  and  — ’ntac!  depth  were  •>  3.  <>  ind  i  "  mm. 

respective!',  and  'he  ^a-dine  material  properties  were  ino-e  given  in 
I  anle  • 
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heating.  That  contribution  tends  to  cause  tensile 
stresses  in  the  coating,  acting  in  the  sliding  direction. 
These  tensile  stresses  could  be  large  enough  to  cause 
cracking  of  the  mating  Although  the  tensile  stresses 
would  be  reduced  by  plastic  deformation  in  either 
coating  or  substrate,  such  plastic  deformation  would 
result  in  residual  tensile  stress  in  the  coating.  The 
residual  stress  could  lead  to  a  low-cycle  fatigue  crack 
initiation  by  augmenting  the  thermomechanical 
tensile  stress  in  the  coating.  To  avoid  this  a  harder 
substrate  material  would  be  desirable. 

It  was  found  that  the  stress  in  the  coating  could  be 
substantially  reduced  by  operating  at  lower  normal 
load  or  lower  velocity,  or  by  achieving  a  lower  fric¬ 
tion  coefficient.  A  reduction  in  coating  stress  could 
also  be  achieved  by  having  a  thicker  coating  or  a 
coating  with  a  lower  modulus  of  elasticity  or  higher 
thermal  conductivity.  An  increase  in  coating  thermal 
expansion  coefficient  would  result  in  significantly 
lower  tensile  stress  in  the  coating  but  more  likeli¬ 
hood  of  plastic  deformation.  The  properties  of  the 
substrate  proved  to  be  at  least  as  important  as  those 
of  the  coating,  with  decreased  coefficient  of  thermal 
expansion  tor  less  difference  between  i,ub,lr. ,  and 
*«uun|l-  decreased  modulus  of  elasticity,  and 
increased  thermal  conductivity  of  the  substrate 
material  leading  to  significant  reductions  in  stress  in 
both  coating  and  substrate. 

Me knots ledaemems— This  work  was  supported  by  the  Office 
of  Naval  Research  contract  no.  N00014-8I-K-0090.  Dr 
Peter  J  Blau  has  been  the  ONR  technical  monitor. 
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The  objectives  of  this  work  have  been  to  gam  a  better  under¬ 
standing  of  contact  conditions  at  the  interface  between  seal  rings 
of  mechanical  face  seals  and  to  determine  the  influence  of  those 
conditions  on  wear  of  the  seal  components.  Rmg-on-nng  sliding 
tests  were  run  unth  two  types  of  hard  seal  face  materials,  monolithic 
silicon  carbide  and  metallic  materials  coated  with  either  tungsten 
carbide  or  titanium  nitride.  In  all  tests  the  hard  face  ran  against 
carbon  graphite  seal  rings  under  dry  conditions  (no  sealed  fluid). 
The  total  wear  of  the  hard  nng  materials  was  very  low  in  all  cases, 
with  sintered  SiC  rings  and  metallic  rings  coated  with  77.V  having 
the  lowest  total  wear.  There  was  less  wear  of  the  carbon  graphite 
rings  when  they  were  run  against  coated  rings  than  when  in  contact 
with  SiC.  The  friction  coefficient  was  low  (approximately  0.1)  in 
all  cases. 

INTRODUCTION  AND  BACKGROUND 

Although  sealed  fluid  is  generally  present  in  the  thin  leak¬ 
age  gap  between  the  faces  of  "contact-type"  mechanical  seals, 
there  is  solid/solid  contact  between  the  sea)  rings  (I).  This 
contact  is  augmented  bv  thermal  and  mechanical  distortion 
of  the  rings.  As  a  result  of  this  solid/solid  contact,  seal  ring 
wear  is  one  of  the  most  important  failure  modes  of  me¬ 
chanical  face  seals,  especially  when  operating  conditions 
(pressures,  loads,  temperatures)  are  severe  (2).  To  over¬ 
come  the  wear  problem,  a  number  of  hard,  wear-resistant 
ceramic  seal  ring  materials  have  been  developed  and  used, 
often  in  contact  with  a  carbon-graphite  seal  ring.  The  ob¬ 
jective  of  this  work  has  been  to  gain  a  better  understanding 
of  the  wear  of  solid  ceramic  and  ceramic -coated  metallic 
seal  rings  in  contact  with  carbon  graphite  and  to  determine 
the  solid/solid  contact  conditions  responsible  for  that  wear. 

One  of  the  hardest  and  most  wear  resistant  of  the  solid 
ceramics  now  being  used  in  seal  applications  is  silicon  car- 
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bide.  There  are  numerous  forms  and  microstructures  of 
silicon  carbide  and  the  effects  of  those  microstructural  dif¬ 
ferences  on  friction  (J),  corrosion  (3),  and  wear  (4)  have 
been  investigated.  It  has  been  shown  that  silicon  carbide 
has  good  wear  resistance,  chemical  inertness,  and  relatively 
low  friction.  As  a  result  there  has  been  increasing  usage  of 
silicon  carbide  seal  rings  but,  as  with  most  other  monolithic 
ceramics,  there  are  problems  with  the  fabrication  and  han¬ 
dling  of  this  brittle  material.  Less  fragile  forms  of  silicon 
carbide  are  being  developed,  but  they  have  not  vet  been 
used  in  seals.  One  way  to  achieve  a  hard,  wear-resistant 
surface  without  severe  fabrication  or  handling  problems  is 
to  apply  a  hard  coating  to  a  ductile  metallic  substrate,  and 
one  particular  coating  that  has  seen  some  use  in  seals  is 
tungsten  carbide.  Although  the  wear-  and  corrosion-resis¬ 
tance  of  VVC  coatings  have  been  found  inferior  to  silicon 
carbide  in  some  seal  applications  (2).  (5),  the  coating  usually 
outperforms  metallic  seal  faces  and  warrants  further  studv 
and  development  for  severe  service  conditions.  A  different 
wear- resistant  coating  which  has  been  used  verv  successfully 
in  applications  ranging  from  cutting  tools  to  ball  bearings, 
but  has  not  vet  seen  use  in  commercial  face  seals,  is  titanium 
nitride  applied  bv  a  chemical  or  physical  vapor  deposition 
process  (6). 

The  approach  used  in  this  investigation  of  solid  ceramics 
and  ceramic  coatings  was  one  used  in  an  earlier  studv  of 
the  wear  ol  metallic  seal  rings  (I).  Because  wear  occurs  onlv 
in  the  regions  of  actual  solid/solid  contact,  it  is  desirable  to 
know  how  large  those  contact  patches  are.  how  thev  are 
distributed  on  the  seal  interface,  what  are  the  conditions 
within  the  contact  patches,  and  how  those  conditions  relate 
to  measured  wear  and  friction.  That  information  was  ob¬ 
tained  in  this  studv.  as  in  the  previous  one.  bv  means  of  a 
specially-designed  contact  probe  (7).  The  probe  enables  ac¬ 
quisition  of  data  about  actual  contact  conditions  during  the 
face  seal  operation.  Since  wear  occurs  onlv  at  solid  contacts, 
and  since  an  earlier  studv  (/)  had  shown  that  the  presence 
of  a  sealed  fluid  does  not  substantially  alter  the  size  of  (he 
solid/solid  contacts,  it  was  decided  to  run  all  tests  drv,  i.e  . 
without  a  sealed  fluid. 
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Apparatus 

The  experiments  were  carried  out  on  a  converted  2-spin¬ 
dle  drill  press,  with  each  spindle  driven  bv  a  separate  2 
horsepower  motor.  Normal  toad  was  applied  through  the 
spindles  by  static  weights  hung  on  the  loading  arm.  Beneath 
each  spindle  was  a  specimen-holding  platform  mounted  on 
a  thrust  bearing.  Rotation  of  the  specimen  holders  was  lim¬ 
ited  bv  a  torque-sensing  system  for  friction  determination. 

All  tests  were  run  with  a  ring-on-ring  specimen  config¬ 
uration.  Test  rings  of  various  materials,  with  a  mean  di¬ 
ameter  of  approximately  5  cm.  and  a  face  width  of  at  least 
2.5  mm.  were  mounted  in  specimen  holders  on  both  the 
test  platform  and  the  end  of  the  rotating  spindle.  The  sta¬ 
tionary  ring  was  made  of  carbon  graphite  and  had  a  face 
width  of  2.5  mm  and  a  shape  typical  of  commercial  seal 
rings.  In  some  cases  it  had  a  very  small  (0.22  mm  diameter) 
hole  drilled  in  it,  perpendicular  to  the  contact  surface.  A 
fine  (0.18  mm  diameter)  wire  was  inserted  in  the  hole  and 
bonded  in  place  with  an  electrically  insulating  epoxy  ad¬ 
hesive.  prior  to  having  its  surface  lapped  and  polished.  The 
wire  then  formed  part  of  the  ring  surface,  but  it  was  elec¬ 
trically  insulated  from  the  rest  of  the  ring.  Operation  of  the 
contact  probe  is  described  elsewhere  (7). 

Weight  measurements  of  the  test  rings  before  and  after 
tests  enabled  determination  of  total  wear  of  each  ring.  In¬ 
formation  about  wear  at  specified  locations  (within  the  con¬ 
tact  patches)  and  the  interrelationship  between  wear  and 
surface  profile  was  gained  with  the  aid  of  a  computer-as¬ 
sisted  stylus  profilometrv  system  (/).  Some  linear  profiles 
were  taken  in  the  radial  direction,  while  other  profiles  were 
circumferential,  with  a  high  accuracy,  motor-driven,  air 
bearing  rotary  table  being  used  to  rotate  the  ring-shaped 
specimens  beneath  the  profilometer's  stationary  stylus.  A 
real-time  data  acquisition  svstem  was  used  to  acquire  and 
digitize  the  surface  profile  data  and  to  pass  the  data  to  a 
digital  computer  for  analysis  and  plotting. 

Materials 

Two  monolithic  ceramics  were  studied,  both  of  the  silicon 
carbide  family  .  The  first  was  a  commercial  seal  ring  material, 
reaction-sintered  silicon  carbide.  Microscopic  examination 
revealed  that  the  material  had  a  mean  SiC  grain  size  of  10- 
15  >im  and  contained  about  15-20  percent  free  silicon.  The 
second  silicon  carbide  material  was  a  sintered  particulate 
composite  of  silicon  carbide  and  titanium  di-bonde.  The 
material  contained  about  20  weight  percent  TiB'j,  with  both 
SiC  and  TiB'j  grains  having  a  gram  size  in  the  range  2  to  5 
(cm.  Although  this  new  material  has  not  vet  been  used  in 
lace  seal  applications,  it  was  chosen  for  this  study  because 
it  has  higher  electrical  conductivity  than  sintered  or  reac¬ 
tion-bonded  grades  of  silicon  carbide.  The  improved  con¬ 
ductivity  enabled  use  of  our  contact  probe  to  study  contact 
conditions  at  the  carbon  graphite/silicon  carbide  interface. 
The  SiC  +  TiB^  material  also  has  greater  fracture  tough¬ 
ness  than  many  other  grades  of  silicon  carbide. 

The  ceramic  coatings  that  were  investigated  were  tung¬ 
sten  carbide  and  titanium  nitride.  Two  different  tungsten 
carbide  coatings  were  studied,  both  of  which  had  a  cobalt 
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binder  and  were  applied  bv  high  velocity  thermal  spray 
processes  which  produce  dense,  high  quality  coatings.  The 
first  had  12  percent  cobalt  and  was  applied  to  a  mild  steel 
substrate  while  the  second  had  14  percent  cobalt  and  was 
on  a  beryllium  copper  substrate.  All  tungsten  carbide  coat¬ 
ings  were  approximately  0.25  mm  thick  alter  spraving  and 
slightly  thinner  after  lapping. 

The  titanium  nitride  coatings  were  applied  by  a  physical 
vapor  deposition  (PVD)  process  to  previouslv-lapped  be¬ 
ryllium  copper  substrates.  Coating  was  done  bv  means  ot 
vacuum  arc  deposition  at  a  coating  temperature  ot  48.VC 
The  TiN  coatings  were  between  5  and  7  |im  ! hick . 

All  of  the  wear-resistant  rings  were  tested  against  seal 
rings  made  from  the  same  resin-impregnated  grade  ot  car¬ 
bon  graphite.  Although  it  is  usually  wise  to  choose  a  grade 
of  carbon  graphite  w  hich  is  most  compatible  w  ith  the  mating 
ring  material,  it  was  decided  to  use  a  single  grade  in  these 
tests  to  eliminate  a  test  variable. 

Procedures 

Before  each  test  of  a  silicon  carbide  or  tungsten  carbide- 
coated  ring,  the  ring  surface  was  hand  lapped  using  a  dia¬ 
mond  lapping/polishing  compound  (1  u.m  grit).  The  tita¬ 
nium  nitride  surfaces  were  not  re-lapped  after  coating  be¬ 
cause  of  their  thinness.  All  rings,  including  the  carbon 
graphite  rings,  had  their  surface  topography  characterized 
before  each  test  using  the  computer-assisted  profilometrv 
system.  The  rings  were  washed  in  a  non-abrasive  cleaner 
and  then  ultrasonicallv  cleaned  in  ethanol  and  dried  betore 
being  weighed  on  an  analy  tical  balance 

During  a  test  the  carbon  graphite  ring  was  mounted  in 
the  stationary  specimen,  while  the  wear-resistant  ring  was 
mounted  on  the  rotating  holder.  Most  tests  were  run  at  a 
speed  of  188.5  s'1  (1800  rpm).  giving  a  sliding  velocity  of 
4.7  ms'1,  although  some  tests  of  \VC-  or  TiN-coated  rings 
were  also  run  at  a  sliding  velocity  of  3.1  ms'1.  A  normal 
force  of  100  N  was  applied  to  the  rings  in  all  tests,  giving 
a  nominal  pressure  of  0.25  MPa  between  the  contact  faces. 
The  total  sliding  distance  for  most  tests  was  200  km.  for  a 
test  duration  of  approximately  12  hours.  For  each  material 
combination  there  were  at  least  six  tests  ot  12  hour  duration, 
along  with  one  test  lasting  30  hours  (500  knu  and  several 
of  shorter  duration  (17  km).  The  friction  force  was  moni¬ 
tored  continuously  during  each  test.  The  contact  probe  w as 
used  occasionally  during  the  tests  ot  all  materials  except 
reaction-sintered  SiC  to  monitor  the  size  and  Itxation  of  the 
regions  of  solid  solid  contact  between  the  rings. 

At  the  conclusion  ot  a  test  the  seal  was  disassembled  and 
each  ring  was  ultrasonicallv  cleaned  and  dried.  The  ring-, 
were  each  reweighed  on  the  analytical  balance  and  the  sur¬ 
face  topography  of  each  was  again  characterized.  The  ring 
surfaces  were  examined  using  an  optical  microscope  jnd. 
in  some  cases,  a  scanning  electron  microscope. 

RESULTS  AND  DISCUSSION 
Silicon  Carbide 

The  tests  of  reaction-sintered  silicon  carbide  tings  were 
characterized  bv  periods  of  smooth  sliding  punctuated  every 
10  to  15  minutes  bv  short  bursts  ot  much  higher  Inc  turn 
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accompanied  bv  a  grinding  sound  and  some  vibration.  The 
friction  coefficient  was  generally  between  0. 10  and  0.11.  but 
increased  to  0.25  to  0.4  during  the  bursts,  which  generally 
lasted  5  or  10  seconds.  During  one  such  disturbance  the 
test  was  stopped  intentionally  to  observe  the  sliding  surfaces. 
Large  patches  of  carbon  wear  debris  were  clearly  observed 
on  the  SiC  surface,  although  no  such  debris  patches  were 
observed  when  the  test  was  stopped  during  periods  ot 
smoother,  lower  friction.  Wear  of  the  silicon  carbide  rings 
was  very  low.  with  a  mean  wear  rate  of  0.0094  mg/km  of 
sliding.  Since  the  contact  area  was  about  400  mm",  the  mean 
linear  wear  rate  was  onlv  0.008  |xm/km.  The  wear  was  also 
unsteady  though,  and  the  standard  deviation  of  the  wear 
rate  was  approximately  equal  to  the  mean  value.  In  some 
tests,  in  fact.  tt;.  wear  rate  was  so  small  that  it  was  nearly 
undetectable  with  our  mass  measurement  techniques.  The 
carbon  graphite,  on  the  other  hand,  exhibited  rather  high 
wear,  higher  than  with  any  of  the  other  hard  faces  tested 
here.  The  mean  carbon  graphite  wear  rale  was  2.05  mg/ 
km,  which  translates  to  a  linear  wear  rate  of  2.8  jcm/km. 

Observation  of  the  silicon  carbide  surfaces  after  the  slid¬ 
ing  tests  revealed  the  presence  of  some  thin  wear  grooves 
or  scratches  on  the  SiC  surface.  Two  examples  of  such 
scratches  are  shown  in  Fig.  1.  Close  examination  of  the 
scratches  showed  that  each  had  been  caused  bv  a  silicon 
carbide  particle  which  had  pulled  out  and  scratched  the 
surface.  Carbon  wear  debris  had  then  collected  in  the 
scratches,  as  can  be  seen  in  Fig.  1.  Further  evidence  of  the 
presence  of  scratches  was  obtained  by  characterizing  the 
topography  of  the  SiC  surface.  Radial  surface  profiles  of 
the  surface  before  and  after  a  12  hour  test  showed  the 
height  distributions  plotted  in  Fig.  2.  The  post-test  surface 
profile  was  taken  across  one  of  the  scratches  and  showed 
mans  samples  within  the  vallevs.  There  was  generally  onlv 
a  negligible  increase  in  maximum  peak-io-vallev  height,  but 
the  roughness  average  (Ra)  increased  bv  10  percent  to  20 
percent.  The  pulled-out  SiC  particles  evidently  had  re¬ 
mained  trapped  between  the  two  rings  for  a  period  of  time 
and  appeared  to  be  responsible  for  the  significant  wear  of 
the  carbon  graphite  rings.  The  surface  roughness  (Ra)  of 
the  carbon  rings  was  found  to  increase  bv  about  25  percent 
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during  the  tests  against  the  silicon  carbide  rings  and  this  is 
consistent  with  the  idea  that  pulled-out  SiC  grains  were 
responsible  for  much  of  the  wear  of  the  carbon  graphite 
It  might  be  noted  that  some  pullout  has  been  noted  bs  other 
researchers  (<¥)  during  sliding  tests  of  silicon  carbide  under 
loads  even  lower  than  the  100  N  used  in  our  tests. 

Silicon  Carbide  plus  Titanium  Di-Boride 

Although  this  sintered  composite  material  was  different 
in  composition  from  the  reaction-sintered  silicon  carbide, 
its  sliding  contact  behavior  was  quite  similar.  As  with  the 
SiC  material,  the  SiC  +  TiB_>  rings  showed  periods  of  smooth 
contact  w  ith  a  coefficient  of  friction  about  0. 10.  punctuated 
everv  10  or  15  minutes  by  a  short  ( 10  seconds  or  soi  burst 
of  higher  friction.  Friction  during  the  bursts  rose  to  about 
0.25  and  there  was  some  accompanying  noise  and  vibration, 
but  not  as  much  as  in  the  tests  of  SiC. 

Because  SiC  +  TiB_>  has  much  better  electrical  conduc¬ 
tivity  than  SiC,  the  contact  probe  could  be  used  in  the  tests 
of  the  SiC  +  TiB-2  material.  During  operation  of  the  probe 
a  5  volt  DC  signal  was  produced  whenever  a  point  on  the 
rotating  hard  ring  was  in  contact  with  the  probe  wire  lo¬ 
cation  on  the  stationary  carbon  graphite  ring,  but  there  was 
no  signal  (zero  volts)  if  there  was  no  contact.  By  monitoring 
the  probe  output  signal  for  each  complete  rotation  of  the 
ring  one  could  determine  which  portions  of  the  rotating 
ring  surface  were  in  solid/solid  contact  with  the  carbon  ring 
surface,  or  at  least  with  that  point  on  the  carbon  surface 
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Fig.  3 — Typical  contact  proto*  output  ftx  SIC  +  TIB, 


FI*.  4— Optical  mlcrogripto  of  worn  *urt*c«  ot  SIC  +  TIB, 


where  the  probe  wire  was  located.  A  typical  contact  probe 
output  for  a  SiC  +  TiB2  ring  is  shown  in  Fig.  3.  It  can  be 
seen  that  many  individual  asperity  contacts  were  occurring, 
but  the  contacts  were  grouped  together  within  one  large 
patch  which  covered  nearly  30  percent  of  the  ring  circum¬ 
ference.  The  patch  location  remained  approximately  fixed 
relative  to  the  SiC  +  TiBj  ring  over  many  revolutions.  As 
the  friction  burst  was  about  to  occur,  however,  the  patch 
size  seemed  to  grow  until  it  covered  nearlv  100  percent  of 
the  ring  circumference.  Bv  carefully  observing  the  output 
from  the  contact  probe,  it  was  determined  that  the  supposed 
100  percent  contact  between  SiC  +  TiB2  ring  and  carbon 
graphite  ring  was  actually  large-scale  contact  between  each 


ring  and  an  intermediate  conductive  third  bodv.  causing 
leakage  of  the  probe  signal  across  the  gap  between  the  rings. 
Presumably  the  conductive  third  body  was  the  carbon  graphite 
wear  debris  noted  during  the  SiC  tests. 

Wear  data  for  the  SiC  +  TiB2  material,  given  in  Table 
1 ,  were  low,  but  erratic,  as  had  been  the  case  with  SiC.  There 
was  a  tendency  for  the  SiC  +  TiB2  to  wear  more  than  SiC. 
but  there  were  also  some  tests  in  which  the  wear  was  too 
small  to  be  measured  accurately.  On  the  other  hand,  the 
carbon  graphite  wear  data  given  in  Table  1  were  quite  con¬ 
sistent  and  showed  that  there  was  over  4  times  less  wear  of 
the  carbon  ring  when  running  against  SiC  +  TiB..  than 
when  sliding  against  SiC.  That  result  is  related  to  the  wear 
process  for  the  two  silicon  carbide  materials,  which  was  pri¬ 
marily  by  pullout  of  hard  ceramic  grains.  Whereas  with  the 
SiC  material  the  pulled-out  particles  were  relatively  large 
SiC  grains,  with  SiC  +  TiB2  the  pullout  was  of  much  smaller 
grains,  which  caused  less  abrasion  damage  to  the  carbon 
graphite  surface.  As  can  be  seen  in  Figure  4.  there  were 
numerous  scratches  on  the  surface  of  the  SiC  +  TiB-.>  ring 
caused  by  the  pulled-out  particles,  but  it  could  not  be  de¬ 
termined  whether  SiC  or  T1B2  particles  were  responsible 
for  the  majority  of  the  scratches.  Because  of  the  scratches 
there  was  an  increase  in  the  surface  roughness  (Ra)  of  the 
SiC  +  TiB2  rings. 

Tungsten  Carbide 

Tests  of  the  tungsten  carbide-coated  steel  rings  showed 
that  contact  conditions  and  friction  were  both  periodic  Dur¬ 
ing  a  period,  which  lasted  about  an  hour,  the  friction  coef¬ 
ficient  varied  from  0.09  to  0. 14  and  then  back  to  0.09.  The 
contact  probe  showed  that  when  the  friction  was  lowest 
solid/solid  contact  occurred  over  a  very  small  percentage  of 
the  contact  interface.  As  can  be  seen  in  Fig.  5(a),  numerous 
asperitv-level  contacts  were  concentrated  in  one  patch  co\  - 
ering  about  25  percent  of  the  circumference  of  the  coated 
ring.  As  the  test  progressed  the  contact  patch  began  to  grow . 
as  shown  in  Fi,,.  5(b).  Soon  after  the  condition  shown  in 
Fig.  5(b)  the  patch  had  apparentlv  expanded  to  cover  nearly 
100  percent  of  the  ring  circumference,  at  which  time  the 
friction  was  highest.  Bv  observing  the  contact  surfaces  and 
the  current  leakage  from  the  contact  it  was  found  that,  as 
was  the  case  with  the  silicon  carbide  rings,  the  reason  for 
the  appearance  of  contact  over  nearlv  the  entire  circum¬ 
ference  was  the  presence  of  a  conductive  third  bodv,  carbon 
graphite  wear  debris,  between  the  two  ring  surfaces.  Soon 
after  widespread  three-bodv  contact  was  observed,  the  tnc- 
tion  dropped  back  to  its  lower  value  and  the  contact  re¬ 
turned  to  the  two-bodv  condition  shown  in  Fig.  5(a).  prob¬ 
ably  owing  to  the  loss  of  carbon  wear  debris  from  the  contact 
interface. 

Wear  of  the  tungsten  carbide-coated  rings  was  found  to 
be  somewhat  greater  than  with  silicon  carbide,  but  still  quite 
low  in  comparison  to  metallic  seal  ring  materials  tested  in 
earlier  work  (/).  The  average  wear  rate  for  the  tungsten 
carbide-coated  steel  rings  was  0.037  mg/km  while  that  ot 
the  mating  carbon  graphite  rings  was  0.19  mg  km  l'hus. 
as  can  be  seen  in  Table  I,  considerable  less  wear  ol  the 
carbon  ring  occurred  with  tungsten  carbide  coatings  than 
with  either  type  of  silicon  carbide.  Although  most  sliding 
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Table  I— Results  of  Sliding  Wear  Tests 

Sliding  Velocity:  4.71  m/s  Sliding  Distance  per  Test:  200  km 

Applied  Normal  Load:  100  N  (0.25  MPa) 

Cointerface 

Carbon 

Graphite 

Wear  Rate 

Wear  Rate 

Friction 

Material 

mg/km 

mg'km 

Coefficient 

SiC 

0.0094 

2.05 

0.01-0.1 1 

(a  =  0.0098) 

(o  =  0.87) 

SiC  +  TiB2 

0.02 1 

0.43 

0.10-0.12 

(0  =  0.04) 

(o  =  0.12) 

WC  +  Co  (12%) 

0.037 

0.19 

0.09-0.10 

(on  steel) 

(a  =  0.0095) 

(o  =  0.086) 

WC  +  Co  (14%) 

0.029 

0.54 

0.09-0.10 

(on  BeCu) 

(o  =  0.017) 

(o  =  0.41) 

TiN 

0.0055* 

0.41 

0.08-0.10 

(on  BeCu) 

(a  =  0.0067) 

_ 

(0  =  0.20) 

‘values  measured  before  coating  failure 
Standard  deviations  of  wear  rates  are  shown  in  parentheses. 
At  least  six  tests  were  run  for  each  set  of  materials. 


Fig.  5 — Contact  proto*  output  tor  WC-cootod  (tool  ring  sliding  against 


(a)  Contact  proto*  output  at  4.-00  pm. 
(to)  Contact  proto*  output  at  4:37  pm. 


tests  of  the  WC-coated  steel  rings  were  run  at  a  velocity  of 
4.7  m  s~\  a  few  tests  were  also  conducted  at  3. 1  ms"1.  It 
was  found  that  the  slower  tests  resulted  in  more  wear  of 
the  carbon  graphite  rings  (0.37  mg/km)  but  less  tungsten 
carbide  wear  (0.017  mg/km).  Friction,  contact  conditions, 
and  surface  appearance  were  similar  at  both  sliding  speeds. 

Microscopic  examination  and  profilometric  measure¬ 
ments  of  the  tungsten  carbide  surfaces  before  and  after  the 
wear  tests  showed  that  the  worn  surfaces  had  become  pol¬ 
ished.  The  surface  roughness  (Ra)  of  the  coating  decreased 
in  each  test  by  between  35  percent  and  55  percent.  The 
surface  profiles  and  the  distribution  of  heights  showed  that 
the  change  in  roughness  could  be  attributed  to  a  wearing 
of  the  peaks,  with  little,  if  anv,  change  occurring  in  the 
valleys.  A  similar  conclusion  could  be  reached  bv  examining 
the  surfaces  in  an  optical  microscope,  as  in  Figs.  6(a!  and 
6(b).  Although  a  few  small  scratches  are  visible  on  the  worn 
surface  (Fig.  6(b)).  the  dominant  feature  of  that  surface  is 
a  polished  appearance  resulting  from  the  wear  process. 

Measurement  of  the  microhardness  of  the  tungsten  car¬ 
bide  coating  showed  that  there  was  an  insignificant  difter- 
ence  between  the  coating  hardness  before  and  after  a  sliding 
test.  Both  hardness  values  were  between  1100  and  1200 
V'ickers. 

Tests  were  also  run  with  a  slightlv  different  tungsten  car¬ 
bide  coaling  on  a  substrate  of  berv  Ilium  copper.  Contact 
conditions  with  that  ring  material  were  similar  to  those  ob¬ 
served  with  WC  on  steel;  i.e..  generallv  there  was  contact 
only  within  several  patches  that  covered  about  20  percent 
of  the  ring  surface  but  occasionallv  the  region  in  which 
contact  was  occurring  extended  to  cover  the  entire  ring 
surface,  at  which  time  contact  was  through  a  third  bodv 
(carbon  wear  debris)  and  friction  was  a  bit  higher.  Friction 
coefficients  were  about  the  same  as  for  the  slightlv  different 
WC  coating  on  a  steel  substrate.  Wear  of  the  WC  +■  I -4 
percent  Co  coating  on  BeCu  was  verv  slightlv  less  than  that 
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<b> 

Fig.  6— Optical  micrograph  ot  surface  of  WC  coating  on  steal  substrate 

(a)  Before  test 

(b)  After  test 

ot  the  WC  »  J  percent  coating  on  steel.  Store  significant 
was  the  increase,  noted  in  Table  !.  of  the  wear  rate  of  the 
carbon  graphite  against  the  WC-on-BeC'.u  surface  The  rea¬ 
son  for  the  higher  <arbon  graphite  wear  against  WC.-on- 
Be(  '.u  is  not  clear.  Min  e  both  WC  coatings  showed  a  decrease 
in  surface  roughness  iRai  resulting  from  a  polishing*!' pe 
wear  process,  with  few  if  an'  scratches  mdicatice  ot  the 
presence  ot  hard,  abrasive  wear  debris 

Titanium  Nitride 

I  he  tests  ot  i it. mum i  mmde-<  oated  rings  weie  i|ime  -m.  .1  ah 
jnd  bad  tewer  frution  transients  than  the  >>iliei  maietiafs 
tested  in  this  program,  i  he  f  ri<  non  1  oetfu  tern  was  genet  .ills 
about  fins-it  |0  with  an  occasional  miie.ise  10  n.li  I  he 
I  t\  coatings  were  m  i'  wear  resistant  and  had  consistent!' 
I<  w  we.it  rales  as  long  as  the  lo.umgs  nm lined  ini.ui  In 
l.ul  the  mean  wear  rate.  0  ooVi.  was  ol  the  same  onlei  o| 
magmlude  as  dial  of  silicon  1  allude  I  he  weal  ol  die  t  .11  Inm 
graphite  rings  m  contact  witii  I  i\  coalings  was  ibmii  die 
s,..ne  lit'1"’-  ot  magmlude  as  dial  liuual  m  tests  of  Xit 
I  iB  ■  oi  mngsien  c  .11  lude,  and  mm  h  le»s  di.in  w  11I1  nn  uio- 
lithii  Sit  I  he  wear  data  tabulated  m  I  able  I  lot  die  I  i\ 


tests  were  those  values  measured  before  coating  failure 
Although  the  wear  of  the  coating  was  vers  small.  11  was 
measurable  and  resulted  in  a  thinner  coating  For  two  of 
the  TiN-coated  rings  tested,  be  the  conclusion  of  the  test 
program  the  coating  had  worn  through  to  the  substrate  in 
se'eral  places.  Alter  the  coating  had  worn  through,  the  wear 
rates  of  both  I  iN-coated  ring  and  larbon  graphite  rose 
significant!'.  Thus,  the  long  term  durahiltt'  of  sue  it  thin 
coatings  is  of  concern. 

In  general  the  wear  process  ot  the  1  iN  coatings  was  a 
polishing-i' pe  wear.  I  he  coating  surtac  e  bee  ame  sim » >t her 
during  almost  all  tests,  although  the  roughness  dec  reuse  ».i' 
less  than  that  noted  with  WC  coatings.  In  particular,  most 
TiN  surfaces  which  started  out  with  Ra  <  0.1  5  pm  tended 
to  get  a  hit  rougher,  while  those  original!'  rougher  than  R.t 
=  0.15  pun  became  polished  and  ended  up  with  .1  smomhei 
surface.  There  was  no  definite  pattern  of  roughness  1  flange 
for  the  carbon  graphite  surfaces  in  these  tests. 

Microscopic  examination  of  the  I  iN  surface'  after  die 
tests  showed  that  there  were  tew  grooves  or  '<  rate  lies  on 
the  surfaces.  There  was  some  carbon  transfet .  as  dine  had 
been  with  the  other  hard  materials  Microscopic  examina¬ 
tion  also  revealed,  in  several  instances,  the  presence  of  small 
spalled  regions  of  the  coating.  One  such  spall  is  shown  m 
Fig.  7.  which  also  shows  an  elemental  anal' sis  of  die  pies- 
ence  of  titanium  in  the  region,  obtained  b'  energ'  dispersive 
x-rav  analvsis.  It  can  he  seen  the  nearU  1  ircular  c  eiitr.il  spall, 
approximate!'  f>5  pm  in  diameter,  was  the  result  of  a  sep¬ 
aration  of  the  coating  from  the  substrate  ta  ti  picul  adhesive 
failure  (6)1.  Such  a  failure  probabh  originated  at  a  point 
where  the  adhesion  of  coating  to  substrate  was  weaker  than 
elsew  here.  There  also  appears  to  be  some  decohesion  of  the 
coating  in  a  tri-lobed  region  around  the  central  spall,  al¬ 
though  that  was  not  seen  at  all  spall  locations  and  mu'  hate 
follow  ed  the  initial  de-adhesion  of  the  central  region  Spalls 
of  the  t'pe  seen  in  Fig.  7  were  more  prevalent  after  some 
wear  ot  the  l  iN  coating  had  occurred  and  the  coating  had 
become  thinner.  It  is  likelv  that  the  spall  evem  resulted  m 
the  present  e  of  ^  rushed  Id's  debris  in  die  mterf.it  1.1I  region 
and  1  hat  debt  is  >  mild  have  1  aused  some  wear  d  the  .  at 1 « > !  1 
graphite  1  mg 

CONCLUSIONS 

The  conclusions  of  dlls  expel  internal  piogiam  can 
summarized  as  t.  .IF  >ws 

1  t  mu. ui  i  mi  dii  lolls  .11  die  uueif.ue  feetween  .1  li.iid 
'M.ii-iisisi.ini  1  mg  cm  .mac  "i  ,  et  iinic  -1  oated  am!  : 
I  .0  bull  gi  .ipiule  ring  .cel  <•  III  ill -unlb  M  111.  w  id  1  •  me.. 
mzc  1  an  mg  jn-noi In  .ilb  li.au  1 11  pc  1 1 1  n;  -  a  da  ’  •  _ 
suit. ne.  in  which  mane  on. ill  .opei  it  v -si/t  a  »p.  * 
solid  solid  c  on  1. u  1  oc t  ui  led.  10  iie.nl'  loo  j,,  : ,  e1" 
die  1  mg  siii  t.ic  e.  at  edm  li  mne  a  dim  lac ei  a  11 '  ■ 
wear  clelnis  sepal. tied  die  l»o  >01  laces 
Tuition  Im  all  m.ileiial  cmubmalimis  u-sicd  a.i< 

■o  1  c  1  c » I  slight  Iv  less  ■  e\i  epl  .cl  dlose  Utiles  is  1  u  n  c‘‘ 
be  cc  l\  l.i  \  el  ict  1  .1 1  In  ill  weal  |  !c  b(  ]s  sc  *1,11  .  t '  1  1  *.  1 

sin  t .ic  c  s  \i  diost  r lines  In  11  sis  c , |  Instil  1 

noled  llie  tuition  cnc  llic  le  nt  dimiig  tins, 
pimped  lo  as  high  .0  n  in  unh  silii .  -n  in' 
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Fig.  7(a) — Scanning  alactron  micrograph  of  apallad  araa  of  TIN  coating 


Fig.  7(b>— Enargy  dlaparslva  X-ray  analyaia  dot  map  showing  prasanca 
of  titanium  In  ragion  shown  In  Fig.  7(a). 

3.  The  most  wear-resistant  materials  tested  in  the  pro¬ 
gram  were  silicon  carbide  and  TiN  coatings,  with  wear 
of  those  materials  being  3  or  4  times  less  than  that  of 
tungsten  carbide  coatings.  The  addition  of  titanium 
di-boride  to  the  silicon  carbide  resulted  in  a  small  in¬ 
crease  m  wear  rate 

I  I  he  rings  coated  with  tungsten  carbide  or  titanium 
nitride  tended  to  wear  mainlv  be  a  process  of  polishing 
of  the  sin  t,i<  e  ,1'pei  ines.  w  hile  the  silicon  c  arbide  rings 
tended  to  wear  l>\  ail  occasional  pull-out  of  a  SiC  mr 
1  iBn  panic  le 

V  Weai  of  die  carbon  graphite  ting  was  greatest  when 
m  contact  wufi  monolithic  SiC!.  which  caused  ne.iric  a 


times  as  much  wear  as  did  the  other  hard  ring  mate¬ 
rials,  probable  due  to  abrasion  of  the  carbon  graphite 
face  bv  pulled-out  SiC  grains. 

From  the  work  it  can  be  concluded  that  ceramic  and  ce¬ 
ramic-coated  seal  ring  materials  both  displac  vers  low  wear 
The  friction  and  wear  behavior  of  hard  coatings  can  be  as 
good  as.  if  not  better  than  (when  one  considers  carbon 
graphite  wean,  that  displaced  bs  monolithic  silicon  carbide. 
Because  of  their  ductile  metallic  substrates,  the  coated  rings 
are  less  prone  to  handling  damage  or  gross  fracture  than 
monolithic  silicon  carbide  and  are  easier  to  form  in  tspical 
seal  ring  configurations.  Therefore,  despite  potential  prob¬ 
lems  with  the  spalling  or  wearing  through  ot  thin  coatings 
and  unresolved  questions  about  corrosion  resistance,  fur¬ 
ther  development  of  ceramic-coated  seal  ring  materials  is 
warranted. 
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THERMOCRACKING  AND  WEAR  OF  CERAMIC-COATED  FACE  SEALS 
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ABSTRACT 

The  objectives  of  this  investigation  were  to  better  understand  the  tribological 
behavior  of  ceramic-  or  cermet-coated  mechanical  face  seal  rings  sliding  against 
carbon  graphite  and  the  thermocracking  that  occurs  with  some  of  the  ceramic  coatings. 
Sliding  wear  tests  were  conducted  on  Inconel  625  seal  rings  coated  with  four  different 
hard  materials:  chromium  oxide,  chromium  carbide,  titanium  nitride,  and  tungsten 
carbide.  Tests  were  also  run  to  determine  the  corrosion  behavior  of  the  ceramic- 
coated  rings  in  seawater.  Surface  profilometry,  mass  loss  measurements,  and 
microscopy  were  used  to  characterize  wear,  cracking  and  corrosion  phenomena. 
Coupled  with  the  experimentation  was  a  theoretical  analysis  of  temperatures  and 
stresses  in  the  contact  region  of  the  ceramic  coating  during  sliding.  The  influence  of 
various  material  and  geometric  parameters  on  coating  cracking  was  studied  in  the 
analytical  work. 
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INTRODUCTION 

The  seal  rings  of  mechanical  face  seals  must  be  able  to  withstand  many  hours  of 
continuous  sliding  contact  during  operation.  The  wear  that  occurs  during  that  contact 
frequently  determines  the  useful  life  of  a  seal  ring.  Seal  designers  have  attempted  to 
increase  seal  durability  by  choosing  hard,  wear-resistant  seal  ring  materials.  Ceramic 
materials,  such  as  silicon  carbide,  have  proven  to  be  good  candidates  for  many  severe 
seal  conditions  because  of  their  high  hardness  and  good  wear  resistance  [1].  Most 
ceramics  are  somewhat  difficult  to  form  in  the  shapes  and  sizes  required  for  large  face 
seals,  however,  and  their  brittleness  necessitates  great  care  in  handling  and  mounting. 
There  is  interest  in  achieving  the  wear  resistance  of  ceramics  without  the  production  and 
handling  difficulties  associated  with  monolithic  ceramics.  One  way  to  do  so  is  to  use 
ceramic  or  ceramic/metallic  (cermet)  coatings  on  a  readily-formed,  ductile  metallic 
substrate.  Ceramic-coated  seal  rings  have  met  with  success  in  many  applications,  but 
their  use  in  salt  water  seals  has  been  limited.  Problems  that  could  lead  to  foreshortened 
lives  of  ceramic-coated  seal  rings  include  spalling  [3]  and  thermocracking  [4]  of  the 
ceramic  coatings.  Another  problem  has  been  corrosion  in  the  salt  water  environment, 
particularly  crevice  corrosion  at  the  coating/substrate  interface  [2]. 

Despite  these  potential  problems,  ceramic  coatings  are  of  interest  in  mechanical  face 
seals  because  they  have  been  shown  to  have  nearly  as  good  wear  resistance  as 
monolithic  ceramics  in  seal  configurations  [3],  The  coatings  in  that  study  were  on 
substrates  of  either  iron-  or  copper-based  materials.  Tribe  [2]  showed,  however,  that 
ceramic  coatings  on  those  substrates  can  experience  pitting  or  crevice  corrosion  in  salt 
water.  There  was  little  evidence  of  corrosion,  though,  for  the  same  coatings  on  a  substrate 
of  corrosion-resistant  Inconel  625  [2].  That  nickel-based  alloy  is  now  being  used 
successfully  in  many  marine  components  that  require  good  resistance  to  corrosion  in 
seawater,  including  some  components  of  face  seals.  For  that  reason,  this  project 
concentrated  on  the  study  of  several  promising  ceramic  coatings  on  Inconel  625 
substrates.  Of  particular  interest  were  the  tribological  performance  of  the  coatings  in 
sliding  contact  against  carbon  graphite  seal  rings,  the  failure  mechanisms  that  could  limit 
the  usefulness  of  the  coatings,  and  the  corrosion  resistance  of  the  coating/substrate 
system. 

Four  different  coatings  were  studied.  They  included  chromium  oxide,  chromium 
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carbide,  titanium  nitride  and  tungsten  carbide.  The  four  coating  materials  are  among  the 
most  effective  hard  coatings  developed  in  recent  years  and  are  used  for  a  variety  of 
tribological  applications  [5}.  Several  boride  coatings  were  also  tested,  but  they  proved  to 
wear  excessively  in  initial  tests  and  were  not  tested  completely.  The  goal  of  the  project 
was  an  improved  understanding  of  the  factors  influencing  wear,  thermocracking  and  other 
mechanisms  of  coating  failure.  To  achieve  this  goal,  the  project  consisted  of  both 
experimental  and  numerical  activities. 


EXPERIMENTAL 

Materials 

The  substrate  for  all  of  the  coated  rings  tested  in  this  study  was  Inconel  625,  a  nickel- 
based  alloy  with  proven  corrosion  resistance.  Tribe's  work  on  ceramic  coatings  exposed 
to  a  seawater  environment  had  previously  shown  that  this  substrate  material  was  not 
corrosively  attacked,  unlike  steel  substrates  [2].  The  major  components  of  the  material  are 
nickel  (61%),  chromium  (21.5%)  and  molybdenum  (9%).  The  material  was  machined  to  a 
ring  shape  with  5.5  cm  outside  diameter,  4  cm  inside  diameter  and  6  to  7  mm  thickness. 
Prior  to  being  coated  the  rings  were  degreased,  ultrasonically  cleaned,  and  sputter 
cleaned.  The  rings  were  then  coated  with  one  of  four  different  hard  coatings,  tungsten 
carbide  (WC),  chromium  oxide  (Cr203),  chromium  carbide  (a  mixture  of  Cr7C3  and  Cr3C2) 
or  titanium  nitride  (TiN). 

The  chrome  oxide  coating  was  applied  by  plasma  spraying  on  a  pre-roughened 
surface.  No  bond  coat  was  used  and  micrographs  of  the  interface  showed  that  mechanical 
interlocking  was  the  predominant  means  of  bonding  between  coating  and  substrate. 
Cross-sections  revealed  that  the  coating  thickness  was  350  -  375  pm.  The  coated 
surfaces  were  lapped  and  polished  to  a  surface  roughness  of  about  0.1pm  Ra. 

Two  slightly  different  chromium  carbide  coatings  were  tested.  Both  coatings  had  the 
same  chemical  composition,  consisting  of  80%  chromium  carbide  (92  Cr  -  8  C)  and  20% 
nickel  chromium  (80  Ni  -  20  Cr).  The  only  difference  between  the  two  coatings  was  the 
size  distribution  of  the  nickel  chromium  particles,  -44  pm  for  one  coating,  designated  C, 
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and  -20  pm  for  the  other,  designated  H.  Both  coatings  were  applied  by  the  detonation  gun 
thermal  spray  process  and  had  an  as-sprayed  thickness  of  about  250  pm.  The  coatings 
were  lapped  and  polished  to  a  roughness  of  Ra  <  0.1  pm  prior  to  the  wear  tests.  A  recent 
study  of  the  same  two  chromium  carbide  coatings  by  Sue  and  Tucker  [7]  showed  that  the 
coating  with  the  smaller  nickel  chromium  particle  size,  coating  H,  had  more  resistance  to 
erosion  by  solid  particles  over  a  large  range  of  temperatures.  They  also  found  that  coating 
C  was  slightly  more  dense  and  harder  than  coating  H.  There  does  not  appear  to  have 
been  a  comparison  of  the  sliding  wear  behavior  of  the  two  chromium  carbide  coatings 
prior  to  this  investigation,  at  least  not  in  a  seal  configuration. 

The  tungsten  carbide  coatings  were  also  applied  by  a  plasma  spray  process.  The 
sprayed  powder  included  a  nickel  and  cobalt  binder,  in  addition  to  WC.  To  further  promote 
the  formation  of  a  metallurgical  bond  between  coating  and  substrate,  the  coated  rings 
were  heat  treated  after  spraying.  During  the  heat  treatment,  diffusion  between  the  250  pm 
thick  coating  and  the  nickel-based  substrate  resulted  in  a  diffusion  layer  as  is  shown  in 
Figure  1 .  No  distinct  interface  between  coating  and  substrate  could  be  noted,  in  contrast  to 
the  chromium  carbide  and  chromium  oxide  coatings.  The  coated  surface  was  lapped  and 
polished  after  heat  treatment  to  a  0.1pm  Ra  roughness. 

The  titanium  nitride  coatings  were  applied  by  a  physical  vapor  deposition  (PVD) 
process  (vacuum  arc  evaporation)  at  a  coating  temperature  of  slightly  less  than  500°C. 

The  ring  surfaces  were  lapped  flat  before  being  polished.  The  PVD  process  is  slow  and  is 
normally  used  to  produce  very  thin  coatings  [5].  Earlier  tests  [3]  had  shown  that  seal  rings 
with  thin  (5  pm  or  less)  TiN  coatings  did  not  have  good  long-term  durability.  For  that 
reason,  thicker  TiN  coatings  were  used  in  this  study.  First  a  thin  bond  coat  of  pure  titanium 
was  deposited  on  the  lapped  Inconel  625  surface,  and  this  was  followed  by  a  5pm  thick 
layer  of  TiN.  The  coated  surface  was  then  sputter  cleaned  and  another  thin  titanium  bond 
coat  was  applied,  followed  by  a  20pm  thick  titanium  nitride  layer,  resulting  ir.  a  25um  total 
thickness  of  the  TiN  coating. 

In  all  tribotests,  the  coated  rings  were  slid  against  a  commercial  seal  ring  made  from 
a  resin-impregnated  grade  of  carbon  graphite.  The  same  grade  of  carbon  graphite  was 
used  throughout  the  test  program. 

Properties  of  all  materials  used  in  the  test  program  are  given  in  Table  1 . 
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Iofrotest  Methods 

The  tribotests  were  carried  out  on  a  test  machine  previously  used  for  both  wear 
studies  and  face  seal  research  [3].  The  machine  is  a  converted  drill  press,  with  each  of  two 
test  spindles  being  driven  by  a  separate  motor.  The  spindles  were  gear  driven  at  a  preset 
speed  of  1800  rpm  for  this  work.  A  normal  load  of  either  50N  or  100N  was  applied  through 
the  spindles  by  static  weights  hung  on  the  loading  arm.  A  ceramic-coated  seal  ring  was 
mounted  at  the  end  of  the  rotating  spindle.  Beneath  each  spindle  was  a  specimen-holding 
platform  mounted  on  a  thrust  bearing.  A  stationary  seal  ring  was  mounted  in  that 
specimen  holder.  Rotation  of  the  specimen  holder  was  limited  by  a  torque-sensing  system 
for  continuous  measurement  of  friction. 

The  stationary  specimen  was  a  commercial  seal  ring  made  of  carbon  graphite.  It  had 
a  mean  diameter  of  5  cm  and  a  face  width  of  2.5  mm,  and  those  dimensions  dictated  the 
nominal  contact  area  between  the  seal  faces.  The  rotating  ceramic-coated  ring  had  a 
slightly  greater  face  width  and  was  mounted  concentric  with  the  stationary  ring.  With  these 
ring  dimensions,  the  sliding  velocity  at  the  contact  interface  was  4.7  m/s  and  the  nominal 
contact  pressure  was  0.25  MPa  for  the  1 00N  load  cases  and  0.1 25  MPa  with  a  50N  load. 

Prior  to  testing,  the  contacting  faces  of  most  rings  were  hand  lapped  and  polished, 
with  alumina  grit  being  used  for  the  carbon  graphite  ring  and  diamond  lapping/polishing 
compound  for  the  hard  coatings.  Some  of  the  coated  rings  (those  coated  with  TiN)  were 
not  re-lapped  because  of  the  coating  thinness.  The  surface  topography  of  each  ring  was 
characterized  using  a  computer-assisted  profilometry  system.  The  test  specimens  were 
ultrasonically  cleaned  and  weighed  on  an  accurate  analytical  balance  both  before  and 
after  each  test. 

All  tests  were  run  dry  (no  sealed  fluid)  and  at  room  temperature.  The  tests  were  not 
meant  to  simulate  the  performance  of  an  ideal  seal,  which  would  have  a  thin  layer  of 
sealed  fluid  between  the  flat  seal  faces.  In  actual  seals  it  is  known  that  there  is  some 
contact  between  the  solid  seal  faces  and  this  solid/solid  contact  is  responsible  for  wear  of 
the  seal  rings  [3],  These  tests  were  meant  to  determine  the  tribological  behavior  of  the 
seal  rings  under  this  solid/solid  contact. 

Most  tests  were  run  for  either  6  or  1 2  hours,  giving  a  total  sliding  distance  of  1 00  km 
or  20 0  km,  respectively.  For  each  material  there  were  6  tests  of  1 2  hour  duration  or  1 2 
tests  of  6  hour  duration,  along  with  one  test  lasting  30  hours  for  a  sliding  distance  of  500 
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km.  The  friction  force  was  monitored  continuously  during  each  test.  At  the  conclusion  of  a 
test  the  seal  was  disassembled  and  each  ring  was  ultra-  sonically  cleaned  and  dried 
before  being  re-weighed  on  the  analytical  balance.  The  surface  topography  was  again 
characterized  and  the  ring  surfaces  were  examined  using  optical  and  scanning  electron 
microscopy. 

Corrosion  Test  Methods 

For  the  corrosion  tests,  coated  rings  of  each  material  were  cut  into  sections  of 
approximately  1  cm  length.  Both  worn  and  unworn  rings  were  sectioned.  One  cross- 
sectional  face  of  each  specimen  was  ground  and  polished  and  the  specimens  were  then 
cleaned  and  accurately  weighed.  Each  was  placed  in  a  salt  water  solution  representative 
of  seawater  and  the  solution  was  agitated  by  means  of  a  magnetic  stirrer.  The  containers 
were  sealed  to  prevent  evaporation  and  were  left  at  room  temperature  for  30  and  60  day 
periods.  The  specimens  were  then  dried  and  re-weighed  and  viewed  in  optical  and 
scanning  electron  microscopes  to  look  for  evidence  of  corrosion,  particularly  at  the 
coating/substrate  interface  and  on  the  friction  surface. 

Results  of  Tribotests 

The  four  coating  materials  studied  intensively  in  this  series  of  tests  all  showed  very 
low  wear  rates,  comparable  in  magnitude  to  the  wear  rates  measured  earlier  for  similar 
coatings  on  different  substrates  and  almost  as  low  as  the  wear  of  silicon  carbide  measured 
in  the  earlier  study  [3].  A  summary  of  the  wear  data  is  given  in  Table  2. 

Comparison  of  the  results  for  the  tests  of  tungsten  carbide  coatings  shows  that  wear 
of  both  coating  and  carbon  graphite  faces  was  approximately  proportional  to  normal  load. 
Wear  rates  at  1 00N  load  were  almost  double  those  measured  at  50N  load.  If  it  can  be 
assumed  that  each  of  the  coatings  would  show  a  similar  load  dependence,  it  can  be 
concluded  that  the  chromium  carbide  coatings  exhibited  the  lowest  wear  (mass  loss)  rates 
of  any  of  the  coatings  tested  in  this  study.  On  a  volume  loss  basis,  the  wear  rates  of 
tungsten  carbide  and  chromium  carbide  were  appoximately  equal,  with  the  other  two 
coating  materials  having  higher  volumetric  wear. 

The  carbon  graphite  wear  rate  was  generally  about  50  times  greater  than  the  wear 
rates  of  the  coatings,  but  in  all  cases  it  was  less  than  had  been  measured  in  tests  of 
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reaction-sintered  silicon  carbide  rings  [3].  Slightly  more  carbon  graphite  wear  occurred  in 
the  tungsten  carbide  tests  than  with  the  other  three  coating  materials.  Even  after 
correcting  for  the  effect  of  load  on  wear,  the  carbon  graphite  wear  against  the  chromium 
carbide  materials  was  less  than  against  the  other  coating  materials,  with  TiN  being  a  close 
second  in  that  respect. 

There  was  no  major  difference  noted  in  the  friction  coefficient  for  the  different  coating 
materials.  In  all  cases  the  friction  coefficient  was  at  or  slightly  below  0.10.  As  had  been 
found  in  the  earlier  study,  there  were  occasional  bursts  of  higher  friction.  The  buildup  of 
third  body  wear  debris  appeared  to  be  responsible  for  the  friction  bursts. 

Each  of  the  coating  materials  showed  its  own  peculiarities  and  they  will  be  discussed 
separately. 

Tungsten  Carbide  The  wear  process  for  the  tungsten  carbide  coatings 

appeared  to  begin  with  wear  of  the  metallic  binder,  causing  the  carbide  particles  to 
protrude  slightly  from  the  surface.  The  carbides  then  wore  slowly  by  a  polishing  process, 
resulting  in  flat  carbide  particles,  as  is  seen  in  Figure  2.  The  result  of  this  process  was  a 
decrease  in  the  surface  roughness  of  the  carbide  coating  (from  an  initial  average  of  about 
0.15  pm  Ra  to  about  0.10  pm  Ra).  The  rings  had  been  heat  treated  after  coating,  causing 
a  metallurgical  bond  to  form  between  coating  and  substrate.  This  is  in  contrast  to  the 
mechanical  bond  usually  formed  between  plasma-sprayed  coatings  and  substrate.  This 
heat  treatment  had  no  detrimental,  and  perhaps  even  a  beneficial,  effect  on  the  wear  of  the 
coating,  and  the  composition  of  the  substrate  seemed  to  have  little  effect.  The  wear  rates 
measured  in  this  study  were  found  to  be  slightly  lower  than  the  wear  of  some  un-heat 
treated  tungsten  carbide  coatings  on  the  same  substrate  [8]  or  on  different  substrates  [3]. 
There  was  no  evidence  of  any  debonding  or  cracking  for  the  WC  coatings  in  this  study, 
although  there  was  some  microscopic  pitting  on  the  contact  surface.  The  pits  were  fewer 
in  number  with  the  heat  treated  coating  than  with  other  tungsten  carbide  coatings  [8]. 

Some  of  the  pits  appeared  to  be  originally  pores  in  the  coating,  while  others  may  have 
been  the  result  of  fatigue,  resulting  in  the  removal  of  one  or  more  carbide  particles.  The 
liberated  particles  could  then  have  remained  as  third  bodies  between  the  sliding  surfaces, 
contributing  to  the  wear  of  the  carbon  graphite  ring  surface. 

Titanium  Nitride  The  TiN  coatings  were  found  to  wear  by  polishing  of  the 

surface  asperities  (burnishing),  resulting  in  a  decrease  in  surface  oughness  during  the 
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first  few  hours  of  testing.  A  thin,  discontinuous  transfer  film  of  carbon  was  also  formed  on 
the  coating  surface  during  the  first  few  hours  of  testing.  There  was  some  evidence  of  light 
abrasion  of  the  carbon  graphite  surface  by  small  third  body  particles  (presumably  TiN  wear 
debris),  but  the  wear  was  small  until  later  stages  of  testing,  when  the  TiN  coating  had  worn 
very  thin.  Evidence  of  the  decrease  of  coating  thickness  due  to  wear  is  shown  in  Figure  3. 
Wearthrough  of  the  coating  resulted  in  a  sharp  increase  in  wear  of  both  ceramic-coated 
ring  and  carbon  graphite  surface.  Data  are  given  in  Table  2  which  show  that  the  TiN  wear 
rate  increased  by  about  two  orders  of  magnitude  when  coating  failure  occurred,  and  the 
carbon  graphite  wear  increased  almost  as  much.  The  cause  of  the  increased  wear  rates 
was  the  presence  of  hard  TiN  debris  between  the  two  sliding  surfaces.  There  was 
evidence  that  spalling  of  the  TiN  coating  had  occurred  when  the  coating  became  very  thin. 
This  spalling  had  also  been  noted  in  earlier  tests  of  thinner  TiN  coatings  on  different 
substrates  [3].  The  wear  rate  for  the  thicker  coatings  used  in  this  study  was  similar  to  that 
for  thin  TiN  coatings,  and  therefore  they  lasted  longer  than  the  thin  coatings,  but  they  still 
suffered  from  significantly  increased  wear  rates  when  wearthrough  did  occur. 

Chrome  Oxide  Plasma-sprayed  Cr203  coatings  also  had  very  low  wear 

rates,  even  a  bit  lower  than  TiN,  and  they  also  appeared  to  wear  by  a  process  of  polishing 
of  surface  asperities,  resulting  in  a  slight  (about  10%)  decrease  in  surface  roughness  (Ra). 
There  was  little  evidence  of  abrasion  by  the  Cr203  coating.  The  friction  coefficient  was  a 
bit  higher  than  was  measured  with  either  TiN  or  WC,  but  was  still  only  approximately  0.10. 
Despite  the  good  wear  behavior  of  Cr203,  there  was  still  a  durability  problem;  in  this  case, 
thermocracking.  Radial  cracks  were  observed  in  the  wear  track  on  the  coating  surface 
after  sliding  tests,  and  one  example  is  shown  in  Figure  4.  A  cross-section  of  a  typical  crack 
is  shown  in  Figure  5.  Since  the  cracks  were  wider  at  the  top  than  near  the  substrate 
interface  (Figure  5),  they  appeared  to  be  surface  originated.  The  deepest  cracks  were 
blunted  at  the  coating/substrate  interface.  Similar  thermocracks  had  been  observed  in 
seawater-  lubricated  seals  by  Tribe  and  Green  [4],  The  cracks  could  limit  the  durability  of 
the  surfaces  because  small  chips  of  coating  material  could  be  liberated  at  the  edges  of  the 
cracks.  This  could  lead  to  more  three-body  abrasion  by  the  debris  and  more  abrasive 
wear  of  the  carbon  graphite  surface  by  the  crack  edges,  although  there  was  little  evidence 
of  such  damage  in  these  tests  at  100  N  normal  load.  Several  tests  were  also  run  at  a 
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higher  load  (750  N)  and  it  was  found  that  the  number  and  size  of  thermocracks  was 
considerably  larger  at  the  higher  load.  There  was  also  some  evidence  of  abrasion  of  the 
carbon  graphite  surface  by  debris  from  the  cracks  at  the  higher  load.  A  thermomechanical 
analysis  was  carried  out  to  help  explain  the  cause  of  the  cracking  (below). 

Chromium  Carbide  Both  of  the  chromium  carbide  coatings  showed  good 

wear  resistance  in  these  tests.  On  a  volumetric  basis  their  wear  rates  were  about  equal 
that  of  tungsten  carbide,  but  on  a  mass  loss  basis  the  chromium  carbide  coatings  proved 
superior  to  all  the  other  coatings.  Wear  of  the  carbon  graphite  rings  sliding  against 
chromium  carbide  was  no  greater  than  against  any  of  the  other  coatings.  Coating  H,  which 
had  the  smaller  nickel  chromium  particle  size  and  slightly  lower  density,  had  slightly  more 
wear  resistance  than  coating  C  (on  a  mass  loss  basis),  and  also  caused  less  carbon 
graphite  wear.  Coating  H  had  also  proven  to  have  more  erosion  resistance  than  coating  C 
in  tests  by  Sue  and  Tucker  [7]. 

Examination  of  the  worn  surfaces  of  both  chromium  carbide  coatings  showed  that 
wear  had  been  by  a  light  polishing  mechanism.  Evidence  of  this  is  shown  in  Figure  6, 
which  is  a  scanning  electron  micrograph  of  a  worn  C  coating.  The  light  phase  is  the  nickel 
chromium  binder,  which  is  considerably  softer  than  the  gray  carbides.  As  can  be  seen  in 
Figure  6,  the  softer  binder  wore  more  readily  than  the  carbides  and  receded  a  bit  from  the 
carbide  surface.  Some  carbon  wear  debris  was  found  collected  in  the  small  depressions 
caused  by  binder  wear  (Figure  6).  The  binder  phase  in  the  H  coating  was  found  to  be 
more  evenly  dispersed  than  in  the  C  coating,  resulting  in  more  of  a  marbling  appearance. 
The  uniformity  and  better  dispersion  of  the  smaller  binder  particles  in  the  H  coating  may 
have  been  responsible  for  the  lower  wear  observed  with  that  coating.  The  wear  grooves 
on  the  surface  of  both  carbide  coatings  were  shallow,  indicating  that  there  were  no  large 
abrasive  third  body  particles  in  the  interface.  This  indicates  that  there  was  little  pullout  of 
carbide  particles.  More  evidence  for  that  conclusion  and  for  the  conclusion  that  wear  was 
by  a  polishing  mode  was  found  by  looking  at  surface  profiles  of  the  coatings  before  and 
after  the  sliding  tests.  It  was  found  that  there  was  no  increase  in  either  number  or  depth  of 
the  grooves  on  the  surface,  but  there  was  some  wear  of  the  asperity  peaks.  This  resulted 
in  a  small  decrease  in  surface  roughness  (from  about  0.07pm  to  0.05pm  Ra  in  a  typical 
case).  The  very  gradual  wear  of  the  peaks,  most  of  which  are  chromium  carbide  particles, 
would  result  in  the  production  of  very  fine  wear  debris,  a  conclusion  that  is  consistent  with 
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observations  of  the  worn  surfaces. 

Results  of  Corrosion  Tests 

One  of  the  concerns  about  durability  of  ceramic-coated  seal  rings  stems  from  their 
tendency  to  corrode  at  the  coating/substrate  interface,  as  had  been  noted  by  Tribe  [2].  The 
substrate  material,  Inconel  625,  was  chosen  for  this  study  to  limit  the  possibility  of 
corrosion.  To  check  the  corrosion  behavior  of  these  coatings,  samples  of  each  coating 
were  placed  in  an  agitated  bath  of  seawater  for  periods  of  30  and  60  days.  The  specimens 
were  weighed  both  before  and  after  the  tests  and  they  were  examined  in  optical  and 
scanning  electron  microscopes  after  coming  out  of  the  salt  water  bath. 

There  was  no  evidence  of  any  corrosion  for  either  TiN  or  Cr203  coatings.  The  weight 

of  those  specimens  did  not  change  and  microscopic  observation  showed  no  change  in 
appearance  resulting  from  the  salt  water  environment. 

The  tungsten  carbide  specimens  did  show  some  evidence  of  corrosion  and  some 
buildup  of  salt  deposits.  The  indications  of  corrosion  were  observed  in  the  interface  region 
where  diffusion  had  occurred  between  coating  and  substrate.  An  SEM  micrograph  of  that 
region  is  shown  in  Figure  7.  The  section  had  been  polished  before  being  placed  in  the 
salt  water  solution  for  30  days.  After  that  period,  the  grain  boundaries  could  be  clearly 
seen  in  Inconel  625  substrate  near  the  interface  with  the  coating.  Analysis  of  the  affected 
region  in  the  SEM  showed  that  portions  of  the  grain  boundaries  had  resisted  corrosive 
attack  better  than  other  r  iaterial  in  and  adjacent  to  the  grain  boundaries  [8],  There  was 
evidence  that  carbon  diffused  from  the  coating  during  the  heat  treatment  and  combined 
with  chromium  at  the  grain  boundaries  to  form  chromium  carbides.  This  sensitization 
process  depleted  some  of  the  corrosion-resisting  chromium  in  the  grain  boundary  region 
and  led  to  some  corrosion  there.  Energy  dispersive  x-ray  spectroscopy  showed  that  mild 
corrosion,  involving  the  oxidation  of  nickel,  had  occurred  at  the  grain  boundaries.  A  4  to  5 
weight  percent  decrease  in  the  amount  of  nickel  was  noted  along  portions  of  the  grain 
boundary,  and  this  resulted  in  the  topographic  changes  noted  in  Figure  7  [8J.  Although  the 
corrosion  was  not  severe  in  this  case,  and  was  not  significantly  different  after  60  days  in 
the  solution,  it  did  indicate  that  corrosion  could  become  a  problem  with  heat  treated 
coatings.  The  diffusion  processes  that  lead  to  a  better  coating/substrate  bond  could  also 
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result  in  a  lessening  of  the  corrosion  resistance  at  the  coating/substrate  interface  by 
sensitization  of  the  Inconel  625  material. 

A  very  small  mass  loss  was  noted  for  specimens  of  both  chromium  carbide  coatings 
after  the  corrosion  tests.  They  were  the  only  materials  for  which  a  mass  loss  was  found, 
but  the  total  mass  loss  for  each  of  those  specimens  (on  the  order  of  1  mg  for  the  thirty  day 
test)  was  miniscule.  Examination  of  the  exposed  interface  after  a  test  showed  no  evidence 
of  any  corrosion,  with  the  only  defects  being  voids  that  had  been  present  before  the 
corrosion  test  (Figure  8).  There  is  some  potential  for  crevice  corrosion  with  the  nickel- 
containing  alloy,  although  the  presence  of  a  large  amount  of  chromium  and  its  oxides 
should  obstruct  the  corrosion  mechanism  and  protect  the  material  from  significant 
corrosion  damage  [8]. 


ANALYTICAL 

Methflds 

The  most  problematic  coating  failure  mechanism  observed  in  the  experimental  work 
was  the  thermocracking  noted  with  Cr203  coatings.  In  an  attempt  to  understand  the 
reasons  for  that  cracking,  an  analytical  study  of  thermal  and  thermo-  mechanical 
phenomena  near  the  sliding  contacts  was  carried  out.  The  analysis  was  done  using  finite 
element  methods  which  are  described  in  detail  elsewhere  [6].  The  primary  components  of 
the  analysis  were  a  determination  of  the  temperature  distribution  in  the  sliding  contact 
region  and  an  analysis  of  the  stresses  and  deformations  caused  by  that  temperature 
distribution,  along  with  mechanical  normal  and  tangential  tractions.  The  temperatures 
were  calculated  using  a  finite  element  thermal  analysis  program,  Thermap,  that  was 
developed  especially  to  analyze  the  effects  of  frictional  heating  of  sliding  contacts. 
Thermo-elastic  stress  analyses  were  done  using  the  Adina  finite  element  program.  A  suite 
of  interconnected  programs  was  developed  to  automatically  generate  the  finite  element 
mesh,  generate  the  boundary  condition  files,  run  Thermap  and  Adina,  and  plot  the  output 
[6]- 

Boundary  conditions  for  the  finite  element  analysis  were  determined  from  the 
experiments  described  earlier.  Measured  values  of  friction  force,  along  with  the  applied 


Kennedy  and  Espinoza 


Page  1 1 


normal  load  and  sliding  velocity,  were  input  to  the  analysis  programs.  The  normal  force 
was  assumed  to  be  uniformly  distributed  along  the  top  surface  of  the  Inconel  625  ring  and 
the  friction  force  was  assumed  to  be  applied  along  a  transverse  cross-section  of  that  ring. 
The  carbon  graphite  ring  was  assumed  to  be  supported  on  a  rigid  support  and  to  have  its 
rotation  restrained  by  rigid  anti-rotation  slots.  Thermocouples  had  been  placed  on  the 
back  (non-  contacting;  faces  of  both  seal  rings  in  the  sliding  tests  and  the  measured 
steady-state  temperatures  (100°  to  150°C)  were  prescribed  on  the  finite  element  model  at 
the  appropriate  locations.  All  boundary  conditions  are  shown  schematically  in  Figure  9. 

The  geometry  of  the  rings  used  in  the  finite  element  model  was  similar  to  the 
geometry  of  the  test  seal  rings.  Earlier  work  [3]  had  shown  that  the  rings  are  in  actual  solid/ 
solid  contact  only  over  a  portion  of  their  circumference.  For  this  analysis  it  was  assumed 
that  contact  occurred  in  five  spots  equidistantly  spaced  along  the  ring  surface.  It  was 
assumed  that  all  contact  spots  was  identical  and  that  a  typical  contact  length  was  1  mm. 
Only  one  such  spot  was  analyzed,  as  is  shown  in  Figure  9.  These  assumptions  were 
based  on  measurements  of  contact  sizes  for  WC-coated  rings  sliding  against  carbon 
graphite,  wun  the  measurements  having  been  made  using  a  unique  contact  probe  [3]. 

A  two  dimensionsal  finite  element  mesh  was  generated  for  the  typical  contact  case  and 
that  mesh  was  stretched  or  shrunk  to  fit  other  contact  lengths.  The  mesh  had  very  small 
elements  in  the  contact  region  to  accurately  model  temperature  and  stress  gradients  there. 
Frictional  heat  was  assumed  to  be  uniformly  distributed  among  the  elements  along  the 
length  of  the  contact.  The  rate  of  frictional  heating  was  determined  from  measured  friction 
force  and  velocity  values. 


0&suJts 

Temperatures  and  stresses  were  analyzed  for  three  of  the  four  coatings  tested  in  the 
experimental  program  and  for  several  different  values  of  coating  thickness  and  contact 
length  [9].  The  maximum  temperature  for  all  material  combinations  occurred  on  the 
contact  surface  in  the  trailing  portion  of  the  contact  zone.  Temperature  gradients  were 
greatest  in  the  contact  region,  particularly  in  the  coating.  Cr203,  which  has  the  lowest 
thermal  conductivity  of  the  three  coatings  studied,  had  the  highest  maximum  surface 
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temperature  and  the  largest  temperature  gradients.  For  example,  for  a  coating  thickness  of 
250  pm,  a  contact  length  of  1  mm,  and  a  normal  load  of  20  N  per  contact,  the  maximum 
surface  temperature  for  the  chrome  oxide  coating  was  343°C,  while  for  titanium  nitride  and 
tungsten  carbide  the  maximum  surface  temperatures  were  206  and  198°C,  respectively. 

Surface  temperature  predictions  for  some  of  the  Cr203  coatings  studied  are  shown  in 

Table  3.  It  can  be  seen  that  contact  length  had  a  significant  influence  on  maximum  surface 
temperature,  owing  to  the  fact  that  frictional  heat  flux  increased  with  a  decrease  in  contact 
length.  The  influence  of  coating  thickness  was  a  bit  less  significant.  An  increase  in 
thickness  of  the  chrome  oxide  coating  led  to  an  increase  in  temperature,  but  that  effect  was 
not  noted  with  coatings  with  higher  thermal  conductivity,  such  as  tungsten  carbide.  For 
those  more  conductive  coatings,  an  increase  in  coating  thickness  led  to  a  slight  decrease 
in  surface  temperature.  An  even  more  important  factor  proved  to  be  load  per  contact.  If  the 
normal  load  increased,  or  the  number  of  contact  spots  decreased,  the  frictional  heat  flux 
would  increase,  resulting  in  higher  surface  temperatures. 

Stresses  in  the  contact  region  included  contributions  from  both  mechanical  tractions 
and  temperature  gradients.  In  the  cases  studied,  where  the  sliding  velocity  was  high 
enough  to  cause  significant  frictional  heat  generation  and  temperature  gradients,  the 
thermal  contribution  proved  to  be  dominant  [9].  For  this  coating/substrate  combination,  the 
coefficient  of  thermal  expansion  of  the  substrate  was  nearly  twice  as  large  as  that  of  the 
coating  (Table  1).  The  result  of  this  was  a  state  of  stress  that  was  predominantly  tensile  in 
the  coating  and  compressive  in  the  adjacent  substrate.  The  stresses  were  decreased 
slightly  by  an  increase  in  coating  thickness,  even  though  the  surface  temperature  was 
increased.  This  was  because  for  thicker  coatings  more  of  the  frictional  heat  stayed  in  the 
coating  and  the  substrate  remained  cooler.  Thus,  there  was  less  differential  thermal 
expansion  between  substrate  and  coating  and,  as  a  result,  less  thermal  stress  in  the 
system. 

The  largest  tensile  stress  in  the  coating  occurred  at  the  contact  surface  near  the 
trailing  edge  of  the  contact  (point  C  in  Figure  9).  The  magnitude  of  that  tensile  stress  was 
significantly  affected  by  both  the  length  of  a  contact  spot  and  and  the  normal  load  per 
contact  spot,  as  can  be  seen  in  Table  3.  Therefore,  factors  that  led  to  an  increase  in  contact 
pressure  and  frictional  heat  generation  rate  caused  higher  surface  temperature  and  also 
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had  the  greatest  effect  on  tensile  stress  in  the  coating.  That  tensile  stress  could  become 
large  enough  to  cause  a  crack  to  form  and  propagate  in  the  coating.  The  largest  tensile 
stress  component  was  found  to  act  in  the  circumferential  direction  and  occurred  near  the 
contact  surface.  Thus  it  is  to  be  expected  that  any  cracks  resulting  from  that  state  of  stress 
would  be  radial  and  would  be  surface  originated.  This  is  in  agreement  with  the  crack 
orientation  observed  in  the  experimental  work  described  above. 


CONCLUSIONS 

Each  of  the  coatings  tested  in  this  program,  tungsten  carbide,  titanium  nitride  and 
chrome  oxide,  all  on  Inconel  625  substrates,  had  low  wear  rates  and  low  friction  during 
sliding  against  carbon  graphite  seal  rings.  The  wear  rates  were  lower  than  for  metallic 
seal  face  materials  and  nearly  as  low  as  had  been  determined  for  monolithic  silicon 
carbide.  Despite  the  good  friction  and  wear  results,  most  of  the  coatings  displayed  a 
deficiency  which  could  limit  their  durability  in  salt  water  sealing  applications. 

Owing  to  the  slow  nature  of  the  PVD  coating  process,  titanium  nitride  coatings  have  a 
limited  thickness.  Although  they  have  low  wear  rates  when  the  coating  is  intact,  the  wear 
is  finite  and  eventually  the  coatings  get  quite  thin.  When  this  happens  there  is  a  tendency 
for  the  coatings  to  spall  and  this  results  in  a  very  significant  increase  in  wear  rate,  owing  to 
the  presence  of  hard,  abrasive  third  bodies  between  the  seal  faces. 

Tungsten  carbide  coatings  show  evidence  of  some  surface  pitting  resulting  from  both 
initial  porosity  and  the  occasional  spalling  of  a  carbide  particle  from  the  surface.  The 
amount  of  pitting  can  be  reduced  and  the  bond  strength  of  the  coating/substrate  interface 
can  be  increased  by  heat  treating  the  coated  rings.  Diffusion  processes  during  the  heat 
treatment  can  reduce  the  resistance  of  the  Inconel  625  substrate  to  corrosion  in  salt  water 
by  sensitizing  the  material  at  the  grain  boundaries  in  the  region  adjacent  to  the  coating. 

The  chromium  carbide  coatings  displayed  the  lowest  wear  rates  of  all  the  coatings 
tested.  Wear  of  the  carbon  graphite  in  contact  with  the  chromium  carbide  rings  was  also 
less  than  or  equal  to  that  measured  with  the  other  coatings.  The  chromium  carbide  coating 
with  the  smaller  nickel  chromium  particle  size  (coating  H)  showed  even  better  wear 
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resistance  than  did  the  other  chromium  carbide  coating  tested.  Neither  of  the  chromium 
carbide  coatings  showed  any  evidence  of  thermocracking  in  the  tribotests,  and  they 
showed  very  slight  mass  losses  in  the  corrosion  tests. 

Although  chrome  oxide  coatings  have  good  wear  resistance,  they  show  a  tendency 
to  thermocrack.  The  cracks  originate  on  the  sliding  surface  and  are  oriented  perpendicular 
to  the  sliding  direction.  The  severity  of  thermocracks  increases  with  increases  in  normal 
load. 

Thermal  and  stress  analyses  of  the  contact  region  of  coated  rings  showed  that 
frictional  heating  causes  surface  temperature  increases  which  can  result  in  tensile  stress 
in  the  coatings.  The  surface  temperatures  and  resulting  tensile  thermal  stress  are  higher  if 
the  coating  has  a  low  thermal  conductivity  and  a  large  difference  between  coefficient  of 
thermal  expansion  of  coating  and  substrate,  as  is  the  case  with  chrome  oxide.  The  highest 
tensile  stress  acts  in  the  sliding  direction  and  occurs  at  the  sliding  surface.  Thus,  that 
stress  is  probably  responsible  for  the  thermocracking  observed  with  chrome  oxide 
coatings  in  this  test  program. 
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TABLE  1 

PROPERTIES  OF  MATERIALS  STUDIED  IN  THE  TEST  PROGRAM 

( Approximate) 


Property 

Modulus  of 
Elasticity 

Thermal 

Conductivity 

Density 

Coeff.  of 
Thermal  Exp. 

Hardness 

Units 

GPa 

W/m  °C 

kg/m3 

o 

o 

o 

HV 

Carbon  Graphite 

24 

9.0 

1830 

4.9 

* 

Inconel  625 

208 

9.8 

8440 

12.8 

270 

Tungsten  Carbide 

240 

34.6 

11000 

9.3 

1050 

Chromium  Oxide 

103 

5.5 

5000 

6.7 

1150 

Chromium  Carbide  C 

120 

6400 

10.1 

800 

Chromium  Carbide  H 

90 

6300 

10.1 

775 

Titanium  Nitride 

300 

17.0 

5430 

9.4 

1800 

*  Scleroscope  Hardness  95 
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TABLE  2 

RESULTS  OF  WEAR  TESTS 

Wear  data  are  given  in  terms  of  both  mass  lost  /  sliding  distance  (mg/km) 
and  linear  wear  /  sliding  distance  (pm/km) 

(Standard  deviations  shown  in  parentheses) 


Coating  Wear  Carbon  Graphite  Wear 

Coating  mg/km  pm/km  mg/km  pm/km 


Tests  at  50N  Load 


Tungsten 

00058 

0.0013 

0.27 

0.37 

Carbide 

(a  =  0.0026) 

(a  =  0.19) 

Chromium 

0.0039 

0.0015 

0.17 

0.24 

Carbide  C 

(a  =  0.0015) 

(a  =  0.09) 

Chromium 

0.0034 

0.0014 

0.14 

0.19 

Carbide  H 

(a  =  0.0024) 

(a  =  0.12) 

Tests  at  100  N  Load 

Tungsten 

0.010 

0.0023 

0.58 

0.79 

Carbide 

(a  =  0.0031) 

(a  =  0.27) 

Chromium 

0.0069 

0.0034 

0.43 

0.59 

Oxide 

(a  =  0.0023) 

(a  =  0.14) 

Titanium  * ** 

0.0091 

0.0042 

0.34 

0.46 

Nitride 

(a  =  0.0076) 

(0  =  0.19) 

** 

0.93 

17.1 

*  data  from  tests  of  TiN  coating  in  which  no  coating  failure  occurred 

**  data  from  test  of  TiN  coating  in  which  coating  failure  occurred 
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TABLE  3 

TEMPERATURE  AND  STRESS  IN  CHROME  OXIDE  COATED  RING 

Effect  of  various  operating  and  geometric  parameters  on  maximum  surface  temperature 
and  maximum  tensile  stress  in  coating  and  maximum  effective  (von  Mises)  stress  in 
Inconel  625  substrate.  Thermoelastic  analysis. 


Coating  thickness  (mm) 

Contact  length  (mm) 

Normal  load  per  contact  spot  (N) 

Maximum  surface  temperature  (°C) 
Maximum  principal  stress  in  coating  (Mpa) 
Maximum  effective  stress  in  substrate  (MPa) 


0.125 

0.25 

0.25 

0.50 

0.25 

1.0 

1.0 

0.25 

1.0 

1.0 

20 

20 

20 

20 

100 

329 

343 

489 

355 

1233 

169 

166 

235 

151 

525 

501 

460 

461 

407 

1362 
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FIGURE  1.  Cross-section  of  plasma-sprayed  and  heat  treated  tungsten  carbide  coating 
on  Inconel  625  substrate. 

FIGURE  2.  Worn  surface  of  tungsten  carbide  coating  surface. 

FIGURE  3.  Cross-sections  of  titanium  nitride  coating  outside  wear  track  (left),  at  edge  of 
wear  track  (center),  and  at  center  of  wear  track  (right). 

FIGURE  4.  Worn  surface  of  chromium  oxide  coating,  showing  radial  crack. 

FIGURE  5.  Cross-section  of  crack  in  chromium  oxide  coating.  Coating  surface  is  at  left, 
coating/substrate  interface  is  at  right. 

FiGURE  6.  Worn  surface  of  chromium  carbide  C  coating,  showing  softer  Ni-Cr  binder 
matrix  (lighter  color)  receding  from  the  harder  carbide  phase  (gray) 

FIGURE  7.  Cross-section  of  tungsten  carbide  -  coated  specimen  after  30  days  in  salt 

water  solution.  Photograph  shows  substrate  region  approximately  300  pm 
beneath  worn  surface,  with  coating  interface  off  photo  at  left  and  bulk  of 
substrate  at  right. 

FIGURE  8.  Optical  micrograph  of  chromium  carbide  H  coating  on  Inconel  625  substrate 
after  60  days  in  NaCI  bath. 

FIGURE  9.  Diagram  of  region  modelled  in  finite  element  analysis,  showing  boundary 
conditions  applied. 


FIGURE  1 .  Cross-section  of  plasma-sprayed  and  heat  treated  tungsten  carbide  coating 

on  Inconel  625  substrate. 


FIGURE  2.  Worn  surface  of  tungsten  carbide  coating  surface. 


FIGURE  5.  Cross-section  of  crack  in  chromium  oxide  coating.  Coating  surface  is  at  left, 

coating/substrate  interface  is  at  right. 
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FIGURE  6.  Worn  surface  of  chromium  carbide  C  coating,  showing  softer  Ni-Cr  binder 
matrix  (lighter  color)  receding  from  the  harder  carbide  phase  (gray). 


NORMAL  FORCE 


FIGURE  9.  Diagram  of  region  modelled  in  finite  element  analysis,  showing  boundary 

conditions  applied. 
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The  tribological  behavior  of  TiN-coated  Inconel  625  rings  in  dry  sliding  contact  with  carbon  graphite 
was  investigated  with  the  aid  of  ring-on-ring  sliding  tests,  computer-assisted  profilometry,  optical  micro¬ 
scopy  and  scanning  electron  microscopy.  Residual  stresses  and  preferred  orientations  in  TiN  coatings 
were  determined  by  X-ray  diffractometry  methods.  Both  hardness  and  Young's  modulus  of  the  TiN 
coatings  were  measured  by  nanoindentation  hardness  testing.  Friction,  wear,  and  spalling  results  were 
related  to  the  hardness,  residual  stress,  preferred  crystallographic  orientation,  and  thickness  of  the  coating. 

To  better  understand  the  effects  of  coating  and  substrate  properties coating  performance,  thermal 
and  thermoelastic  models  of  the  sliding  contact  were  developed.  Fini;  lement  methods  were  used  to 
study  the  thermomechanical  behavior  of  the  thin  TiN  coatings. 


1  INTRODUCTION 

The  objective  of  this  research  was  to  gain  a  better 
understanding  of  the  tribological  behavior  of  titanium  nitride 
(TiN)  coatings  on  ring-shaped  metallic  substrates  in  dry 
sliding.  One  of  the  potential  applications  of  TiN-coated 
rings  is  as  a  component  of  mechanical  face  seals,  where  they 
could  slide  against  carbon  graphite  rings.  Previous  work  [1] 
had  shown  that  hard  titanium  nitride  coatings  can  have  nearly 
as  good  wear  resistance  as  monolithic  ceramics  in  face  seal 
configurations.  There  are  several  concerns  that  prevent  the 
use  of  TiN  coating  in  seals  and  other  mechanical 
components,  however.  Because  they  are  applied  by  slow 
vapor  deposition  processes,  they  are  usually  quite  thin  and, 
despite  their  good  wear  resistance,  they  have  finite  wear 
lives.  In  addition  to  wear,  another  failure  mechanism, 
spalling,  has  been  noted  with  TiN  coatings  [1],  Spalling  of 
the  protective  coating  is  very  undesireable,  especially  when 
the  spalled  debris  remains  within  the  contact,  as  is  usually 
the  case  with  conformal  contacts.  For  these  reasons,  this 
research  set  out  to  answer  two  questions:  (1)  What  is  the 
effect  of  coating  thickness  on  wear  and  durability  of  titanium 
nitride  coatings?  and  (2)  What  other  factors  influence  wear 
and  spalling  of  TiN  coatings  in  conformal  contacts?  Among 
the  other  factors  considered  were:  residual  stress  in  the 
coating  resulting  from  the  coating  process,  hardness  of  the 
coating,  elastic  modulus  of  the  coating,  and  preferred 
crystallographic  orientation  of  the  coating. 


2  MATERIALS 

All  tribotests  in  this  study  were  run  with  a  conformal 
ring-on-nng  configuration.  The  stationary  ring  was  a 
commercial  seal  ring  made  of  carbon  graphite.  It  had  a  mean 
diameter  of  5  cm  and  a  face  width  of  2.5  mm,  and  those 
dimensions  dictated  the  nominal  contact  area  (approximately 
4  cm2)  between  the  contacting  rings.  The  rotating  ring  was 
concentric  with  the  stationary  ring  and  was  made  from 
Inconel  625  with  a  titanium  nitride  coating  on  its  contact 
surface.  The  thickness  of  the  TiN  coating  ranged  from  4.6 
pm  to  28  pm. 

The  carbon  graphite,  grade  P658RC.  is  one  of  the 
most  common  face  seal  materials.  It  is  a  composite  of 
pvrolitic  amorphous  carbon  from  petroleum  coke  and 
cry  stalline  graphite  bound  by  carbon. 


Inconel  625  is  a  good  corrosion-resistant  nickel-based 
alloy,  which  has  moderate  thermal  and  mechanical 
characteristics.  This  solid-solution  strengthened, 
matrix-stiffened  alloy  whose  microstructure  contains 
carbides  has  the  face-centered  cubic  crystal  structure.  The 
high  alloy  content  of  Inconel  625  makes  it  almost  completely 
resistant  to  mild  environments  such  as  the  atmosphere,  fresh 
water,  sea  water,  neutral  salts  and  alkaline  media.  Since 
many  mechanical  components  used  in  corrosive 
environments  are  made  of  Inconel  625,  it  was  chosen  as  the 
substrate  material  for  all  tests  in  in  our  study. 

TiN  has  extremely  high  hardness,  chemical  inertness 
and  a  low  friction  coefficient  against  hard  metals  and  carbon 
graphite.  It  is  regarded  as  one  erf  the  most  favorable  thin  hard 
coatings  to  improve  the  wear  resistance  and  durability  of 
mechanical  components  [2).  The  TiN-coated  Inconel  625 
rings  used  in  our  study  were  produced  by  Union  Carbide 
Corporation  using  the  PVD  arc  evaporation  technique.  The 
coating  procedure  was  as  follows:  [3] 

The  surface  of  the  Inconel  625  ring  was  mechanically 
polished  through  240,  400  and  600  grit  SiC  papers  first, 
then  it  was  finished  by  using  a  nylon  cloth  and  1  pm 
diamond  paste  until  the  surface  roughness  value  Ra  reached 
0. 1  pm.  Before  deposition,  the  ring  to  be  coated  was  cleaned 
ultrasonically  in  a  bath  of  methanol.  The  vacuum  chamber 
was  evacuated  to  a  pressure  below  7xl0'4  Pa  and  then  the 
chamber  was  filled  with  argon  (purity,  99.99%)  to  a 
pressure  of  0.7  Pa.  In  order  to  remove  the  surface 
contaminants,  the  substrate  was  sputter  cleaned  by  applying 
a  negative  bias  of  -1  KV  d.c.  Subsequently,  the  coating 
deposition  was  earned  out  in  an  atmosphere  of  nitrogen 
(purity,  99.998%).  Under  a  high  cunent-low  voltage  d.c. 
arc  discharge,  titanium  was  evaporated  from  the  titanium 
cathode,  where  the  temperature  was  about  2000°C.  Both 
titanium  and  nitrogen  were  ionized  to  form  plasmas  within 
the  region  between  the  titanium  cathode  and  the  trigger. 
Since  a  negative  bias  of  -150  V  d.c.  was  applied  to  the 
substrate,  the  ionized  titanium  and  nitrogen  panicles  were 
accelerated  toward  the  substrate.  TiN  formed  and  deposited 
on  the  surface  of  the  substrate.  The  deposition  temperature 
was  about  500°C  and  the  deposition  me  was  about  4  pm/hr. 

Table  1  shows  some  propeny  data  of  carbon  graphite, 
titanium  nitride  and  Inconel  625. 
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TiN 
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graphite 

Young’s  modulus 
GPa 

208 

640 

24.1 

Poisson's  ratio 

0.278 

b 

B 

Yield  strength 

MPa 

490 

i 

i 

i 
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i 

48 

Thermal  expansion 
coefficient  m/m*C 

9  4x10** 

4.9x10** 

Thermal  conductivity 
W/m’C 

9.8 

17.0 

B 

Specific  heat 
J/kg*C 

410 

627 

1047 

Density 

Kg/m5 

8440 

5430 

1830 

Hardness 

812** 

2550** 

95* 

*  Scleroscope  hardness(ASTM  C-886) 
**  Yickerj  hardness 


Table  1 

Thermal  and  mechanical  properties  of  materials  used  in 
this  study. 


3  PROCEDURES 
3  1  Wear  Tests 

The  wear  experiments  were  done  on  a  test  machine 
previously  used  for  wear  and  seal  investigations  { 1 J.  Figure 
1  shows  a  schematic  configuration  of  the  test  machine. 
Normal  load  on  the  test  rings  is  applied  through  the  spindle 
by  static  weights  hung  on  the  loading  arm.  A 
specimen-holding  platform  is  mounted  on  a  thrust  bearing 
beneath  each  spindle.  The  rotation  of  the  specimen  holder  is 
restricted  by  a  torque-sensing  system,  which  is  used  to 
measure  the  friction  on  the  surfaces  of  rings  during  the  test. 
For  this  test  program,  the  stationary  carbon  graphite  ring 
was  mounted  in  the  specimen  holder  on  the  test  platform 
The  TiN-coated  Inconel  625  ring  was  mounted  on  the  end  of 
the  rotating  spindle. 

Before  each  test,  the  specimens  were  cleaned  in  an 
ultrasonic  cleaner  and  carefully  dried.  Both  ring  specimens 
were  weighed  on  an  accurate  analytical  balance.  Then 
surface  profiles  of  both  the  TiN-coated  Inconel  625  ring  and 
the  carbon  graphite  ring  were  taken  using  a 
computer-assisted  linear  profilometer  system. 

During  the  wear  test,  a  normal  load  of  50  N  was 
applied,  producing  a  nominal  contact  pressure  of  0.125 
MPa.  Normally,  the  wear  tests  were  run  at  a  speed  of  1800 
rpm  for  six  hours  under  dry  sliding  conditions.  This 
produced  a  sliding  speed  of  4.7  m/s  and  a  sliding  distance  of 
approximately  .00  km  in  a  6  hour  test.  For  each  material 
combination  there  were  five  tests  of  six  hour  duration,  along 
with  one  test  of  thirty  hours  (500  km  sliding  distance).  The 
strain  on  the  friction  torque  bar,  corresponding  to  friction 
force  and  friction  coefficient,  was  monitored  continuously 
during  each  test. 

After  the  tribotests,  the  test  rings  were  cleaned,  dried 
and  weighed,  and  surface  profiles  were  again  characterized. 
The  surfaces  of  specimens  after  wear  test  were  examined 
under  both  an  optical  microscope  and  a  scanning  electron 
microscope.  Special  attention  was  focused  on  the  transfer 
films  and  the  failure  region. 


Figure  1  Schematic  diagram  of  wear  test  apparatus. 


3.2  Measurements  of  Residual  Stresses  in  the  Specimens 

The  residual  stress  in  the  coating  can  induce  a  change 
of  lattice  parameters  and,  in  combination  with  other  factors, 
may  influence  surface  cracking  that  could  initiate  spalling 
and  other  failure  modes. 

The  residual  stresses  was  measured  by  X-ray 

diffraction  methods,  using  a  sin2y  technique.  This 
employed  the  diffraction  of  copper  radiation  from  the 
{ 333 )/{ 51 1 }  planes  of  the  FCC  crystal  structure  of  TiN 

coating  [4],  y  is  the  angle  between  the  normal  to  the  surface 
of  the  specimen  and  the  bisector  of  the  incident  and  the 
diffracted  beams,  which  is  also  the  angle  between  the 
normals  to  the  diffracting  lattice  planes  and  the  specimen 
surface.  The  angular  positions  of  the  { 333 )/{ 511) 

diffraction  peaks  were  determined  for  y  tilts  of  0,  -35.0, 
35.0  and  45.0  degrees. 

X-ray  diffraction  residual  stress  measurement  was 
made  at  the  surface  of  TiN-coated  Inconel  625  rings  along 
the  circumferential  direction.  It  was  assumed  that  the  stress 
distribution  could  be  described  by  two  principal  stresses 
existing  in  the  plane  of  the  surface  with  no  stress  acting 
normal  to  the  surface. 

The  problem  with  the  technique  above  is  choosing  the 
appropriate  value  of  the  elastic  modulus  of  the  TiN  coating 
for  the  calculation  of  the  macroscopic  residual  stress  from 
the  strain  measured  perpendicular  to  the  { 333  J/{  5 1 1 )  planes 
of  TiN.  Numerous  different  values  were  found  in  the 
literature.  To  resolve  the  discrepancy,  the  elastic  moduli  of 
our  samples  were  measured  by  nanoindentation  hardness 
testing  at  Oak  Ridge  National  Laboratory. 

3.3  Measurements  of  Hardness  of  TiN  CoatinEs 

For  a  thick  coating,  the  microhardness  can  be 
determined  directly  by  using  a  conventional  microhardness 
tester.  For  thin  coatings,  however,  microhaidness  tests  often 
give  incorrect  results  because  the  measured  hardness  is 
influenced  by  the  substrate.  A  new  ultra-low  load 
microindentation  system  has  been  developed  in  the  Metals 
and  Ceramics  Division  of  Oak  Ridge  National  Laboratory 
(5).  Several  mechanical  properties,  including  hardness  and 
elastic  modulus,  can  be  determined  from  volumes  of  material 
with  submicron  dimension.  Both  hardness  and  elastic 
modulus  of  TiN  coatings  of  our  samples  were  measured  by 
nanoindentation  hardness  testing  at  Oak  Ridge  National 
Laboratory.  The  indentation  depth  was  150  nm  and  the 
width  was  less  than  1  pm.  The  applied  load  ranged  from  20 
to  30  mN. 


3.4  Measurements  of  Preferred  Orientations  in  TiN 
roarings 

Generally,  each  grain  in  a  polycrystalline  aggregate  has 
a  crystallographic  orientation  different  from  others  nearby. 
The  orientations  of  all  grains  may  be  randomly  distributed  in 
relation  to  some  selected  frame  of  reference,  or  they  may 
tend  to  cluster  to  some  degree  about  particular  orientadon(s). 
Any  aggregate  characterized  by  the  latter  condition  is  said  to 
have  a  preferred  crystallographic  orientation,  which  may  be 
defined  as  a  condition  in  which  the  distribution  of  crystal 
orientations  is  nonrandom.  The  preferred  orientations  of  TiN 
coatings  were  determined  using  an  X-ray  diffractometer  in 
the  Materials  Laboratory  of  Thayer  School  of  Engineering. 

3.5  Determination  of  Influences  of  Temperature  and  Stress 
on  Coating  Durability 

Thermo-mechanical  analyses  were  carried  out  to  study 
the  influences  of  friction-  induced  temperature  and  stresses 
on  thermocracking,  spalling  and  excessive  wear  of  sliding 
rings.  The  analysis  used  a  suite  of  finite  element  programs 
developed  earlier  for  studying  temperatures  and  stresses  in 
the  contact  region  of  sliding  components  [6]. 

Temperatures  in  the  contact  regions  between  sliding 
rings  were  determined  using  the  THERMAP  thermal 
analysis  program,  a  specially-developed  finite  element 
program  used  for  thermal  analysis  of  fricrionally  heated 
regions  [7].  The  resulting  stresses  in  the  contacting  bodies 
were  determined  using  the  ADINA  finite  element  stress  and 
deformation  analysis  program. 

Previous  experiments  had  shown  that  the  real  area  of 
contact  between  two  flat  conforming  rings  during  sliding 
was  concentrated  in  several  patches  and  there  were  small 
solid-solid  contact  spots  within  each  patch,  with  the  patches 
remaining  approximately  stationary  with  respect  to  the 
surface  of  the  ceramic-coated  ring  [1],  The  geometry  of  the 
contact  model  in  our  research  was  based  on  the 
determination  of  the  spots  sizes  and  locations  of  contact  in 
that  previous  experimental  study.  All  contact  spots  were 
assumed  to  be  identical,  and  five  contacts  were  assumed  to 
be  equally  spaced  along  the  ring  circumference.  Therefore 
only  one  section  of  the  ring  needed  to  be  analyzed.  Previous 
work  had  shown  that  a  pseudo-  two-dimensional  analysis 
(axial  and  circumferential  directions)  was  sufficient  to  model 
the  most  important  temperature  gradients  and  stresses  in  the 
contact  region  [6].  Figure  2  shows  a  typical  two-dimensional 
ring  sector  used  in  this  analysis,  along  with  boundary 
conditions  applied  to  the  sector. 

The  boundary  conditions  for  the  thermal  analysis 
included  setting  temperatures  on  the  top  and  bottom  surfaces 
of  the  nng  section  shown  in  Figure  2.  From  previous 
experimental  results  [  1 ),  150°C  and  100°C  were  assumed  to 
be  the  temperatures  of  the  non-contacting  face  of  the  carbon 
graphite  ring  and  the  TiN-coated  Inconel  625  ring 
respectively. 
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/'•"■^^thickness 

result 

4.6  pm 

12  pm 

28  pm 

wear  rate  of 

carbon  graphite(mg/»,,-n) 

-0.4 

10.2 

-0.33 

1  0.07 

-0.37 

io.os 

wear  rate  of 
TiNcoetl  ng(  mg/km) 

-0.0060 

^0.0009 

-0.0045 

10.0008 

-0  005 

to.ooi 

friction  coefficient 

0.09 

0.12 

0.10 

load:  50  N,  speed:  1  800  RPM,  coating  process:  PYD 


Table  2  Average  friction  and  wear  results. 


4  RESULTS  AND  DISCUSSION 
4.1  Wear  Test  Results 

Average  wear  and  friction  results  of  PVD  TiN  coatings 
with  different  coating  thicknesses  are  shown  in  Table  2. 

In  the  wear  tests,  changes  in  mass  of  the  specimens  per 
linear  sliding  distance,  i.e.  mg/km,  gave  a  good 
measurement  of  the  degree  of  severity  of  the  wear  process. 
During  the  constant  speed  sliding  tests,  the  friction 
coefficients  were  approximately  0.1  for  all  the  TiN  coatings, 
independent  of  thickness.  The  wear  rates  of  the  different 
thickness  coatings  were  also  nearly  equal,  but  the  wear  rate 
of  4.6  pm  TiN  coating  was  a  little  bit  higher  than  those  of 
other  two  thicknesses.  Similar  sliding  tests  were  also  carried 
out  on  uncoated  Inconel  625  rings  in  contact  with  carbon 
graphite  [14].  It  was  found  that  the  wear  rate  of  uncoated 
Inconel  625  was  at  least  seven  times  higher  than  the  wear 
rates  given  in  Table  2  for  the  coated  specimens.  The  friction 
coefficient  of  the  uncoated  rings  was  also  much  higher.  The 
friction  coefficient  of  TiN-coated  Inconel  625  was  about  0.1 
whereas  the  uncoated  Inconel  625  had  a  friction  coefficient 
of  0.18. 

A  comparison  was  made  with  the  wear  rates  of  other 
ceramic  and  cermet  coatings  on  the  same  Inconel  625 
substrate  [8].  The  wear  rate  of  the  TiN  coatings  was  slightly 
less  than  the  wear  rates  of  tungsten  carbide  coatings  but  was 
slightly  greater  than  those  of  chromium  carbide  and 
chromium  oxide  coatings. 

The  surface  roughness  of  the  as-coated  TiN-coated 
Inconel  625  rings  was  generally  about  0.3  pm  Ra.  The 
roughness  of  all  TiN  coatings  decreased  dramatically  dunng 
the  first  six-hour  test  to  about  0.04  pm  Ra  and  then 
remained  in  the  range  0.03  -  0.045  pm  Ra  in  later  six  hour 
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tests.  No  relapping  of  the  TiN  coatings  was  done  before  any 
tests.  The  original  surface  of  TiN-coated  Inconel  625  rings 
consisted  many  valleys  and  asperities  due  to  the  PVD 
process  itself.  In  the  initial  stage  of  the  first  wear  test,  a 
burnishing  wear  process  made  the  surface  smoother  by 
polishing  away  the  tops  of  the  highest  asperities.  This 
produced  tiny  TiN  panicles  which  could  become  embedded 
into  the  surface  of  the  carbon  graphite  ring  or  act  as  third 
body  panicles.  In  either  case,  they  could  cause  an  abrasive 
wear  proems  to  occur,  even  though  the  TiN  panicles  arc 
very  tiny.  Figure  3  provides  evidence  of  TiN  particles 
embedded  in  the  surface  of  carbon  graphite.  The  fluctuating 
surface  roughness  average  during  the  subsequent  wear  tests 
results  from  the  combination  of  polishing  and  abrasion 
processes. 

Optical  microscopy  and  scanning  electron  microscopy 
showed  that  some  pores  were  present  on  the  surface  of  TiN 
coating  before  wear  tests.  These  pores  had  formed  dunng 
the  coaang  process.  Energy  Dispersive  Spectrometry  (EDS) 
analysis  showed  there  were  no  penetrations  of  pores  through 
the  coating  to  the  substrate 


Figure  3  TiN  particle  embedded  in  the  surface  of  the 
carbon  graphite  ring. 


Figure  4  Carbon  transfer  films  on  the  surface  of  TiN 
coating. 

As  shown  in  Figure  4.  during  the  wear  tests  carbon 
transfer  Films  formed  on  some  pans  of  the  surfaces  of  TiN 
coalings.  The  relatively  soft  carbon  transfer  film  would  be 
beneficial  in  improving  the  wear  resistance  of  the  coatings 
since  it  reduces  direct  contact  between  the  two  ring  surfaces 
during  the  sliding  process. 

Scanning  electron  microscopy  showed  several  different 
kinds  of  coating  failures.  Figure  5  shows  spalling  of  coating 
and  Figure  6  shows  a  combination  of  spalling  and 
delamination.  EDS  analysis  showed  that,  in  general,  the 
spalling  and  dclamination  were  cohesive  failures  that 
occurred  within  the  TiN  coatings,  and  did  not  expose  the 
substrate.  The  only  exception  is  at  the  center  of  the  spalled 
area  shown  in  Figure  5(a),  where  the  substrate  materials 
*ere  exposed  in  the  small  (25  pm  diameter)  circular  region. 

An  explanation  for  the  appearance  of  spalls  and 
dclamination  on  the  coating  surface  can  be  found  from  an 
analysis  of  the  stresses  in  the  TiN  coating.  Thermal  and 
thermoelastic  stress  analysis  of  TiN  coatings  showed  that  the 
maximum  tensile  stresses  for  different  coating  thicknesses  all 
occurred  just  behind  the  contact  and  just  beneath  the  coating 
surface  (2.4  pm  beneath  the  surface  for  a  150  pm  thick 
coating).  The  location  of  the  maximum  tensile  stress  went 
deeper  into  the  coating  with  increasing  coating  thickness. 


Earlier  studies  of  other  ceramic  coatings  had  shown 
that  in  those  cases  the  highest  tensile  stresses  also  occurred 
just  beneath  the  surface  of  the  coatings  [8].  In  this  analysis 
it  was  found  that  the  maximum  Von  Mises  stress  also 
occurred  below  the  surface  of  coating  (8.9  pm  below  the 
surface  for  a  150  pm  thick  coating).  This  leads  to  the 
conclusion  that,  as  deformation  of  the  subsurface  continued, 
some  fatigue  cracks  may  have  nucleated  below  the  surface. 
Further  loading  and  deformation  could  cause  the  cracks  to 
extend  and  propagate  and  join  with  neighboring  cracks.  As 
in  other  delamination  wear  cases,  the  cracks  tended  to 
propagate  parallel  to  the  surface  at  a  depth  which  was 
controlled  by  the  properties  of  the  material  itself  and  the  state 
of  loading  [9],  Finally,  when  the  cracks  sheared  to  the 
surface,  thin  wear  sheets  delaminated  as  shown  in  Figure  6. 
In  some  cases,  if  sufficient  damage  accumulated  before  the 
subsurface  cracks  had  propagated  parallel  to  the  surface,  the 
cracks  could  be  turned  toward  the  surface  by  the 
near-surface  tensile  stress,  and  this  would  result  in  the 
spalling  of  a  particle,  as  in  Figure  5. 
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Figure  5  Spalling  of  TiN  coating. 


Figure  6 

Combination  of  spalling  and  delamination  of  TiN  coating. 


Observation  of  the  wom  surfaces  in  the  scanning 
electron  microscope  showed  that  some  delamination  and/or 
spalling  had  occurred  on  the  surfaces  of  wom  12  pm  and  28 
pm  thick  TiN-coated  Inconel  625  rings.  There  was  no 
evidence  of  such  failures  on  4.6  pm  thick  TiN  coatings, 
however.  It  might  be  noted  that  recent  tests  at  Northwestern 
University  [10]  have  shown  a  similar  influence  of  coating 
thickness  on  delamination  and  debonding  of  thin  TiN 
coatings  in  rolling  contacts.  They  have  found  that  thinner 
coanngs  have  improved  fatigue  life,  whereas  thicker  coatings 
lead  to  debonding  and  delamination  more  readily. 

4  2  Residual  Stresses  in  Coatings  and  Thermal  Stress 
Analysis 

The  results  of  residual  stress  measurements  are  given 
in  Table  3.  They  show  that  the  residual  stresses  in  the  TiN 
coatings  are  compressive  in  the  circumferential  direction  and 
are  very  high  in  magnitude.  The  residual  stress  in  the  12  pm 
thick  coating  was  higher  than  in  the  thicker  (28  pm)  coating. 
Diffractometry  was  unsuccessful  in  measuring  the  residual 
stress  in  4.6  pm  TiN  coating  because  the  coating  was  so  thin 
that  the  presence  of  a  substrate  [420]  diffraction  peak 
prohibited  the  use  of  the  ( 333 }/( 5 1 1 )  diffraction  peak 
technique. 


The  residual  stress  could  have  been  induced  either  by 
an  intrinsic  growth  stress  or  thermal  mismatch  between 
coating  and  substrate  on  cooling  from  the  deposition 
temperature  [11],  Intrinsic  stress  in  a  TiN  coating  depends 
on  the  deposition  parameters,  such  as  deposition  rate,  bias 
voltage,  pressure  of  nitrogen  in  the  vacuum  chamber  and  the 
evaporater  current  [12],  The  nucleation  and  growth  of  TiN 
by  PVD  arc  evaporation  occurred  under  conditions  of  certain 
disruption  by  the  impact  of  high  energy  panicles  due  to  the 
effect  of  bias  voltage.  Since  kinetics  of  grain  growth  were 
limited  because  of  the  relatively  high  deposition  rate  and  low 
deposition  temperature,  very  fine  grains  were  retained  [13]. 
The  bombardment  of  energetic  panicles  induced  lattice 
defects,  such  as  nitrogen  interstitials  at  tetrahedral  sites  in  the 
structure  of  TiN,  which  resulted  in  distortions  within  the 
grains  and  conesponding  residual  stresses.  In  general,  such 
residual  stresses  were  influenced  by  the  gas-to-metai  ratio 
N:Ti  and  gas  ion  to  metal  ion  ratio  N+:Ti4'  during  the 
deposition  process  [  12].  Changes  in  the  stoichiometry  of  the 
coating  can  result,  and  these  would  contribute  to  the  residual 
stresses  in  the  TiN  coating. 

Table  4  shows  the  results  of  the  thermal  stress 
analysis.  Maximum  temperatures  during  sliding  were 
relatively  unaffected  by  the  thickness  of  the  TiN  coating. 
Von  Mises  stresses  within  both  TiN  coating  and  substrate 
increased  with  decreasing  coating  thickness.  The  maximum 
principal  stress  in  the  TiN  coating  was  tensile  and  its  value 
decreased  as  the  thickness  of  coating  became  smaller.  Thus, 
the  compressive  residual  stresses  were  beneficial  to  the 
stability  of  coatings,  since  they  reduced  the  magnitude  of  the 
damaging  tensile  stresses  that  occurred  during  sliding, 
especially  in  thinner  coatings.  The  value  of  maximum 
principal  stress  decreased  while  the  value  of  compressive 
residual  stress  increased  with  decreasing  coating  thickness, 
so  the  thinner  coating  was  more  resistant  than  the  thicker  one 
to  failures  of  the  type  that  would  be  caused  by  tensile  stress. 
This  coincides  with  the  observation  of  delamination  and 
spalling  only  in  the  thicker  coating. 

A  major  reason  for  the  presence  of  thermal  stress 
during  sliding  as  well  as  residual  stress  after  deposition  is 
the  difference  in  thermal  expansion  coefficient  between 
coating  and  substrate.  Although  the  tensile  stress  resulting 
from  frictional  heating  is  probably  responsible  for  spalling 
failure  of  TiN  coatings,  the  tensile  stresses  would  be  even 
higher  with  coatings  whose  thermal  expansion  coefficient  is 
lower  than  that  of  TiN  [8]. 


Table  4  Predicted  temperatures  and  stresses  in  TiN 
coating  and  Inconel  625  substrate. 


Table  3  Results  of  residual  stress  measurements  in  TiN 
coatings.  * 


coating  thickness 
(um) 

residual  stress 
(MPa) 

standard  deviation 

(Mre) 

12 

-2560 

to 

28 

-2290 

20 

provided  by  the  X-ray  diffraction  laboratory  of  LAMBDA 
Research  Incorporated,  results  of  residual  stresses  were 
calibrated  using  accurate  value  of  Young's  modulus. 
E»280  CPa 


coating  thickness 
(  Mf" ) 

75 

100 

150 

maximum  temperature 
(  °C) 

197.7 

197.8 

196.4 

Von  Mises  stress  in  coating 

(MPa) 

507  4 

503  2 

493  7 

maximum  principal  stress 

in  coating  (MPa) 

185  1 

188  3 

19)  2 

Yon  Mises  stress  in  substrate 

Yon  Mises  stress  in  substrate 

(MPa)  392  6 


386  1 


375  3 


coating  thickness 
(pm) 

hardness 

(CPa) 

Young's  modulus 
(GPa) 

4.6 

29.3  1  4.7 

281.7116.0 

12 

25.7 1  4.6 

247.8112.5 

28 

29.014.5 

241  318.9 

*  measured  by  nanoindentation  hardness  testing  at 
Oak  Ridge  National  Laboratory 


Table  5 

Measured  values  of  hardness  and  Young's  modulus 
of  TiN  coatings.  * 


4.3  Effect  of  Coating  Hardness 

Table  3  lists  the  hardness  and  Young's  modulus  data 
of  TiN  coatings  measured  by  nanoindentation  hardness 
testing  at  Oak  Ridge  National  Laboratory.  The  Young's 
modulus  was  found  to  be  slighdy  higher  for  the  4.6  pm 
thick  coating  than  for  the  other  two  thicknesses.  Hardness, 
on  the  other  hand,  was  lower  for  the  12  pm  thick  coating 

Since  the  mobility  of  dislocations  is  low  for  nitrides 
when  the  temperature  is  below  1000  °C,  the  strength  of  the 
grain  boundaries  becomes  an  important  factor  in  determining 
the  hardness  of  polycrystalline  coatings.  Coatings  containing 
voids  in  grain  boundaries  tend  to  have  low  strength  and 
hardness  [18],  because  voids  and  microcracks  have  been 
found  to  be  weak  points  which  may  initiate  crack 
propagation  and  fracture  when  external  forces  arc  applied. 

In  almost  all  cases  of  coating  deposition  using  the  PVD 
process,  the  hardness  of  coating  gets  higher  with  increases 
in  the  deposition  rate  [18].  On  the  basis  of  SEM  studies, 
Gabriel  has  observed  smaller  columnar  grains  and  denser 
coatings  with  increasing  deposition  rates  [19].  These  very 
fine  grain  sizes  and  dense  structures  improve  the  strength  of 
coating.  On  the  other  hand,  the  hardening  of  coating  may  be 
caused  by  lattice  distortion  during  the  deposition  process. 

The  susceptibility  to  britde  fracture  tends  to  increase  as 
the  possibility  of  shear  crack  nucleation  is  minimized  when 
increasing  the  hardness  of  a  coating  [20],  For  this  reason, 
there  should  be  an  optimal  coating  hardness  for  a  certain 
application. 

4  4  Preferred  Orientations  m  the  Coatings 

The  measurements  of  preferred  orientations  showed 
that  all  the  PVD  arc  evaporation  TiN  coatings  had  very  high 
intensities  of  [111]  diffraction  peaks  and  corresponding 
high  (111]  preferred  orientations  [14],  The  12  4m  TiN 
coating  was  found  to  have  a  higher  degree  of  (111] 
preferred  orientation  than  the  other  two  coating  thicknesses. 

Preferred  crystallographic  orientation  is  now  regarded 
as  an  important  factor  affecting  the  tribological  performance 
of  TiN  coatings  [12.15,16].  In  general,  the  deposited 
coatings  from  any  PVD  process  probably  have  a  preferred 
orientation  to  some  degree.  The  reason  for  preferred 
orientation  has  not  been  fully  identified,  but  the  degree  of 
preferred  orientation  of  TiN  coatings  is  obviously  dependent 
on  the  process  and  deposition  parameters,  such  as  deposition 
rate,  ion  currem  density  and  bias  voltage  [12,16,17]. 

Referring  to  the  measured  hardness  values  listed  in 
Table  5.  the  changes  in  hardness  of  coating  correspond  to 
the  degree  of  preferred  orientation.  The  reason  for  this  is  not 
clear  yet.  From  Table  2  it  can  also  be  seen  that  the  coating 
with  the  greatest  degree  of  preferred  orientation  also  had  the 
highest  friction.  It  is  clear  that  the  preferred  orientation  does 
have  an  influence  on  sliding  behavior  of  TiN  coatings 
because  it  changes  the  surface  conditions  of  the  coatings. 


Matthews  and  Sundquist  have  found  that  TiN  coatings 
with  { 200)  preferred  orientation  are  more  wear  resistant  than 
coatings  such  as  ours  with  [111]  texture  even  though  both 
of  them  may  have  the  same  hairiness.  This  improvement 
may  be  partly  due  to  the  increase  in  densification  of  TiN 
coating  which  can  be  obtained  under  the  conditions  of  I'igher 
ior  bombardment  to  get  (200)  preferred  orientation  (16). 


5  CONCLUSIONS 

1 .  TiN  is  a  favorable  thin  hard  coating  to  improve  the 
wear  resistance  of  sliding  mechanical  components.  The  wear 
rate  of  Inconel  625  without  TiN  coating  was  at  least  seven 
times  higher  than  that  with  coating  and  the  friction  coefficient 
was  also  higher.  The  friction  coefficient  of  TiN-coated 
Inconel  625  was  about  0. 1  whereas  the  uncoated  Inconel 
625  had  a  friction  coefficient  of  0.18.  Polishing  and  abrasion 
processes  were  the  major  wear  mechanisms  of  TiN  coating. 

2.  Coating  thickness  is  an  important  factor  affecting  the 
durability  of  the  TiN  coatings.  The  tendency  of  spalling  and 
delamination  of  the  coatings  increased  with  increases  in  the 
coating  thickness.  Unlike  thicker  coatings,  the  failure  mode 
of  the  4.6  pm  thick  TiN  coating  was  a  gradual  wear  process, 
even  though  the  wear  rate  was  a  little  bit  higher  than  for  the 
1 2  pm  and  28  |im  thick  coatings. 

3.  The  modulus  of  elasticity  of  the  4.6  pm  thick  TiN 
coating  was  higher  than  those  of  the  12  pm  and  28  pm  thick 
coatings.  The  wear  rate  decreased  as  die  coating  modulus 
decreased,  but  the  tendency  for  spalling  and  delamination  of 
the  coatings  increased. 

4.  The  residual  stresses  in  the  PVD  arc  evaporated  TiN 
coatings  were  compressive  and  a  relatively  higher 
compressive  residual  stress  occurred  in  the  thinner  coating. 
The  residual  stresses  were  beneficial  to  the  stability  of 
coatings  because  the  tensile  stresses  that  occurred  in  the 
coatings  during  sliding  were  reduced.  This  effect  was  more 
obvious  in  the  thinner  coating. 

5.  All  PVD  arc  evaporated  TiN  coatings  had  very  high 
(111)  preferred  orientations.  The  12  pm  coating  had  a 
higher  degree  of  { 1 1 1 )  preferred  orientation  and  also  had  the 
lowest  hardness.  The  preferred  orientations  have  an 
influence  on  the  sliding  behavior  of  TiN  coatings  because 
they  change  the  surface  conditions  of  the  coatings,  such  as 
hardness  and  densification. 
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